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ABSTRACT 
This thesis is devoted to the development of the interface between two 
immiscible electrolyte solutions as a transducer for chemical sensor design. 
The main detectable analyte of interest is the ammonium ion. The facilitated 
ion transfer of this species is reported using a variety of ionophores. 
Association constants of the ammonium ion with dibenzo-18-crown-6, 
nonactin and valinomycin are calculated along with values for the same 
ionophores with potassium and sodium ions. The selectivity towards these 
three species is such as not to enable their separation at physiological levels. 
A single microhole formed by excimer laser photoablation in a polyester ifim 
is used as a support for a micro liquid/liquid interface. The effect of a 
decrease in the supporting electrolyte concentrations of both the organic and 
aqueous phases is investigated with regard to ion and facilitated ion transfer 
reactions. It is shown that it is possible to study ion transfer reactions using 
simply pure water as the aqueous phase electrolyte. 
The ITIES is used as a transducer to follow enzymatic reactions. The 
ammonium ion produced in the urea/urease and creatinine/creatinine 
deiminase enzymatic decomposition's is detected by facilitated ion transfer 
using dibenzo-18-crown-6. 
The adsorption/ transfer of the polyelectrolyte Nafion at the ITIES is 
investigated. The two characteristic transfer phenomena observed are 
attributed to the adsorption/ transfer of Nafion in its dissolved form and a 
restructured form of the polyelectrolyte. A biosensor for urea is proposed 
where the 1TIES has been 'solidified' in the form of polymeric films. 
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List of abbreviations 
The following symbols and units have been used throughout 
a1 activity of species 
A electrode area, cm  
c bulk concentration 
D Diffusion coefficient 
1,2-DCE 1,2-dichioroethane 
E Cell potential (water phase versus oil phase) . 
E° Standard electrode potential 
E°' Formal electrode potential 
E112 Half wave potential 
F Faraday's constant 
G Gibb's energy 
I Interfacial Current (Experimental sections) 





TPBC1 Tetrakis [4-chlorophenyl]borate 
z Charge number 
vi 
Greek Alphabet 
a Phase denoted a 
Phase denoted 3 
Galvani potential 
chemical potential 




Other infrequently used abbreviations are defined where they first occur in 
the text. 
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The interface between two immiscible electrolyte solutions (ITIES) has been 
of considerable interest to electrochemical investigators since the beginning 
of the 20th century. Today, nearly 100 years later investigators are spread 
throughout the world and with the number of publications appearing 
annually on the increase, the liquid/liquid interface has become a fruitful 
and challenging source of research. Only recently, with the introduction of 
new and sophisticated techniques and equipment, are the key questions on 
the mechanism of ion transfer and interfacial structure being solved and as a 
result a more complete picture of the ITIES is emerging. 
IIYI4uJ_1 
Initial studies by Nernst and Riesenfield [1] in 1902 were concerned with the 
determination of transport numbers of coloured electrolytes in organic 
solvents. They reported the first observations of an ionic current passing 
through a water/phenol/water system. Interest in this area rapidly spread 
when, in 1906, Cremer [2] realised the resemblance of these water/oil/water 
concentration cells to the interface between biological membranes and their 
surrounding electrolytes. Physiologists quickly picked up on this fact and 
investigations continued to determine the origins of the potential differences 
and currents observed in these cells. The publication of the first theoretical 
study on the 1TIES appeared in 1939 [3].  In this paper Verwey and Niessen 
proposed a physical model of the liquid/liquid interface as two back to back, 
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diffuse Gouy-Chapman layers. This model is still widely used today. The 
first adsorption phenomenon at the 1TIES was reported by Gustalla [4] in the 
mid-1950's. The applied potential was found to influence the adsorption of 
the hexadecyltrimethylammonium cation at the water/ nitrobenzene 
interface, and this effect was termed electroadsorption. 
Major advances in this field were not made until the late 1960's, when 
Gavach et al [5] demonstrated that the ITIES was polarisable in a similar 
manner to the metallic electrode / electrolyte interface. Techniques used for 
the study of electron transfer at conventional electrode interfaces were then 
applied to the study of both ion and electron transfer processes at the ITIES. 
At this stage progress was hindered by a lack of knowledge of the interfacial 
structure and the associated potential drop across the interface. Studies were 
restricted to the use of controlled current techniques such as 
chronopotentiometry [6-8], primarily because the large iR drop created by 
the use of the organic phase could be taken into account. The crucial 
breakthrough came when Samec et al [9,10] introduced the concept of the 4 
electrode potentiostat in which it was possible to compensate for the effects 
of iR drop by means of a positive feedback loop. 
Today a wide variety of potentiostatic techniques are employed in the 
elucidation of ion transfer processes at the fliES. These include linear sweep 
/cyclic voltammetry [9,10], current scan polarography [11,12], 
chronoamperometry [13], a.c. voltammetry [14], a.c. impedance [15] and 
differential pulse stripping voltammetry [16]. It is also possible to study a 
diverse range of phenomena at the ITIES. As well as ion transfer [9] and 
electron transfer [17], facilitated ion transfer (using ionophores) [18] and 
photoinduced charge transfer [19] reactions are possible. The liquid/liquid 
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interface has also been miniaturised by Taylor and Girault [20] where a 
micro-fliES was supported at the tip of a 251im diameter glass micropipette. 
The major problems associated with this procedure were the instability of 
the interface and the difficulty in reproducing identical tip dimensions. 
Campbell and Girault [21] later reported a more stable micro-ITIES where 
the interface was supported in a 20j.Lm diameter hole which was laser drilled 
in a polyester support. In recent years publications have appeared with new 
and novel approaches to the study of the ITIES. Among them include 
computer simulations of electron transfer reactions [22] and the interface 
[23], laser probing of the interface using the technique of optical second 
harmonic generation (SHG), to study interfacial molecular adsorption [24], 
as well as a theoretical evaluation of electron transfer by the recent Nobel 
Laureate, R.Marcus [25]. As the 21st century approaches there is still great 
interest in the ITIES and with the search for practical applications now 
underway, there is still much to be discovered. 
1.2 Ion Transfer 
Studies on reversible ion transfer at various water/oil systems have been 
numerous, the composition of the oil phase most commonly being 
nitrobenzene or 1,2-dichloroethane. As previously mentioned, the 
pioneering work of Gavach et a! [5] studied the transfer of the 
tetrabutylammonium cation from an aqueous solution of 
tetrabutylammonium bromide (TBABr), containing sodium bromide as a 
supporting electrolyte, to a nitrobenzene solution containing 
tetrabutylammonium tetraphenylborate (TBATPB). The results showed that 
the observed current was due to the diffusion controlled transfer of the TBA 
cation from the water to the nitrobenzene phase. It must be stressed that the 
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current flow in the system (and all liquid/liquid systems) was sustained by 
ion flow across the interface and not oxidation or reduction of the analytes. 
Application of classical electrochemical methodology to their 
chronopotentiometric data allowed the evaluation of the transferring ion's 
diffusion coefficient and confirmation of the reversibility of the process. 
The introduction of the 4 electrode potentiostat by Samec et al [9] allowed 
the study of the tetramethylammonium cation and its transfer from water to 
nitrobenzene. Subsequent publications [10,12] from the same group reported 
similar data for caesium and picrate ion transfer across the same media. The 
rapid development of the field now permitted a vast accumulation of 
thermodynamic data on simple ion transfer reactions, which has been 
catalogued by some authors [26,27]. Commonly, systems under study 
involved the transfer of alkali and alkaline earth metal ions and the 
tetraalkylammonium series of cations. However, many other ionic species 
have been observed to transfer at the ITIES. Samec and Marecek [28] studied 
the transfer of acetylcholine and choline which they observed to transfer in 
the middle of the potential window. Acetylcholine is of great analytical 
importance, being a neurotransmitter which is present in abundance in the 
human brain. Shao and Girault [29] studied the transfer of the same ion but 
also varied the physical properties of one of the solvents. From their results 
they were able to make an evaluation of the standard rate constant for the 
acetylcholine transfer. Many investigators have studied the transfer of 
molecules of clinical importance. Examples of these include Terramycin 
which is a multipurpose antibiotic [30] and the anaesthetics Lidocaine and 
Dicaine [31]. Transferring transition metal complexes have also been 
examined. These included metal complexes with aromatic amines [32] and 
terpyridine ligands [33]. The key interest in such systems was towards the 
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development of a metal extraction system, either for industrial waste or 
biological samples. Numerous other ion transfer systems have been 
examined, some of which include the transfer of the acidic dye bromophenol 
blue [34], 12 and 18-molybdophosphate anions [35] and a series of 
alkylcarboxylate (RCOO) and alkylsuiphonate (RSO) anions [36]. 
1.3 Electron transfer 
The ITIES has proven to be a suitable transducer for heterogeneous electron 
transfer reactions and these are of interest due to their similarity to electron 
transfer processes which occur naturally between membrane constituents 
and redox enzymes. The reaction scheme for electron transfer at the 
liquid/liquid interface is shown in Figure 1.3.1. 
C' 	 1 
IK 	 0 
Figure 1.3.1 - Electron transfer schematic 
Electron transfer is achieved by dissolving different pairs of redox couples in 
the adjacent phases, where the passing of a current across the interface 
results in the following transformation: 
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Electron transfer at an ITIES can be treated in a similar way to ion transfer 
and can thus be investigated by similar techniques. To date, few 
experimental studies of the above phenomena have been reported, mainly 
due to the difficulty of choosing systems in which the current measured is 
solely due to electron transfer and has no contribution from possible ion 
transfer reactions. Also, possible redox activity of the supporting electrolytes 
used in the organic phase can significantly alter features of the potential 
window and of any transferring species within it. 
One of the first reports of an electron transfer reaction at the liquid/liquid 
interface was by Samec et al [37]. The electron transfer between a 
hexacyanoferrate redox couple in water and ferrocene in nitrobenzene was 
investigated by cyclic voltammetry. Since then the search has been for 
compatible redox couples which comply with the aforementioned criteria. 
Schiffrin et al [38,39] have studied the electron transfer between tin and 
lutetium diphthalocyanide in 1,2-dichioroethane and the aqueous ferro-
ferricyanide redox couple. Kihara et al [40] have also published data on 
several electron transfer reactions between redox couples located in water 
and nitrobenzene, and as previously mentioned Marcus [25] has theoretically 
treated transfer reactions of this nature. 
1.4 Facilitated Ion Transfer 
The first example of a facilitated or assisted ion transfer reaction was 
reported in 1979 by Koryta [18], who studied the transfer of potassium and 
sodium ions facilitated by the natural antibiotic, valinomycin and the 
synthetic crown ether, dibenzo-18-crown-6. This publication represented a 
significant breakthrough on studies at the JTIES, where species which were 
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previously unable to be studied (i.e. potential window limiting species) were 
now transferrable within the polarisation range. The shift of transferring 
potential was attributed to a decrease in the apparent value of the Gibbs 
energy of transfer, brought about as a result of the ionophore forming a 
stable cage around the ion of interest. The thermodynamics of assisted ion 
transfer will be discussed in chapter 2. 
Koryta's group now devoted much effort to these type of reactions and 
numerous publications appeared covering a wide range of ionophores such 
as valinomycin [41,42], nigericin [43], nonactin [44,45], monensin [46,47], 
calcium ionophore [48] and dibenzo-18-crown-6 [18,44,45,49]. Other 
investigators soon followed suit [50-52] and questions quickly arose 
regarding such contentious issues as the mode of complexation and the ion 
transfer mechanism. The mechanistic nomenclature adopted was the same as 
that used for classical electrode kinetics (i.e. E, EC, CE, etc ) which can often 
be misleading. This led us to introduce in 1991, a new terminology [53] 
which concisely describes the reaction pathway. As illustrated in Figure 1.4.1 
the transfer mechanisms are referred to as follows: 
ACT - Aqueous Complexation followed by Transfer 
TIC - Transfer by Interfacial Complexation 
TOC - Transfer followed by Organic phase Complexation 
TID - Transfer by Interfacial Dissociation 
The actual mechanism followed can depend on many factors such as the 
relative concentrations of ionophore and cations, association constants or the 
distribution coefficients of the ionophore between the two phases. An ACT 
mechanism was advocated by Lin et al [52], who proposed that the 
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facilitated ion transfer reaction would occur via diffusion of the ligand from 
oil to water, followed by complexation in the aqueous phase and transfer of 
the complexed ion. However, this mechanism is only feasible for ionophores 
which are mutually soluble in both phases. Unfortunately for the systems 
studied this was not the case i.e. with valinomycin and dibenzo-18-crown-6. 
Early studies in this area by Koryta [18] favoured a TOC mechanism, where 
ion transfer was followed by complexation in the oil phase. However, the 
consensus of opinion when using the above ionophores points to a 
mechanism of transfer by interfacial complexation (TIC). This was favoured 
by Samec and Papoff [49], Kakutani et a! [51] and Shao et al [53]. A recent 
study by Matsuda et al [54] theoretically treats reversible ion transfer 
reactions facilitated by neutral ligands. General equations have been derived 
for the two main experimental cases where (A) CMF )) Cua4ND and (B) 
CLIGAND )) C mErAL . In (A), the limiting current observed is controlled by the 
diffusion of the ligand in the organic phase whereas for (B), limiting currents 
are due to the concentrations of the cation in the aqueous phase. Using this 
theory, calculations of complexation constants and predictions on the ion 
transfer mechanism were possible. 
Other examples of facilitated ion transfer reactions include the transfer of 
alkali and alkaline earth metals by ETH157 [55], barium and strontium 
transfer assisted by Polyethylene Glycol 400 [56] and assisted cadmium 
transfer by 2,2-bipyridine [57]. Aniline and the a-hexylate anion have been 
used to study the transfer of protons across the water/nitrobenzene interface 
[58,59]. Tan and Girault [60] reported potassium transfer facilitated by 
monoaza-18-crown-6 and in a novel paper by Senda et al [61] the synthetic 
crown ether, dibenzo-18-crown-6, was used to facilitate the transfer of 












Figure 1.4.1. - Schematic mechanisms of assisted ion transfer [53]. 
decomposition of urea by the enzyme urease (of which the ammonium ion is 
a major product), to produce a biosensor for urea [62]. The facilitated ion 
transfer current can be related to the urea concentration if the crown ether 
concentration is in a sufficiently large excess. This was the first report of an 
amperometric biosensor based on the ITIES and the concept of Senda's 
reaction scheme will be discussed and developed more fully in future 
chapters. 
1.5 Photoelectrochemistry 
Photoinitiated electron transfer reactions across the ITIES are novel 
phenomena which have only recently been reported in the literature [63-65]. 
Girault et al [63] reported the first photocurrent measurements at the 
water/1,2-dichloroethane interface for the following system: 
Ru(bpy) 2 	+ C v2 . -p Ru(bpy) 3 	+ C V. 3 water 	7 oil 	3 water 	7 oil 
where C7V2 is diheptyl vio1ogen. 
The concept is that irradiation of the liquid/liquid interface, by visible or u.v. 
light, gives rise to a photocurrent. This can be attributed either to the 
photoexcited electron transfer between a sensitizer in one solvent phase and 
an electron acceptor in the other solvent phase or to the transfer of 
photochemically generated charged particles (ions or radicals) across the 
interface. 
Marecek et al [64] used a four electrode system to investigate the Ru(bpy) 
ion in the organic phase which was coupled to an oxidative quencher in the 
aqueous phase. However, due to the Ru(bpy) ion being more hydrophilic 
than the Ru(bpy) ion, resultant ion transfer following electron transfer 
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complicated quantitative analysis. The development of this area of 
liquid/liquid electrochemistry is still very much in its infancy and there 
exists much scope for more in-depth studies to establish standard theories 
and methodology. 
Since their introduction in the early 1970's by Fleishxnann and co-workers 
[191], ultramicroelectrodes have revolutionised conventional electrochemical 
investigation, allowing studies of hitherto inaccessible areas. These include 
the study of electrode processes in highly resistive media or even without 
added supporting electrolyte [89,154], the study of fast electron transfer and 
chemical reactions [192], and have been used in clinical analysis in the form 
of in vivo sensors [66]. Due to their small physical size, the mass transport to 
these type of electrodes is greatly enhanced since the diffusion regime is 
predominantly spherical rather than linear in nature. Also the double layer 
capacitance is reduced due to the reduction in surface area and ohmic losses, 
which are a product of the electrode current and solution resistance, are 
reduced due to the diminished current [193]. 
With so many advantages, it was hardly surprising that in 1986 Taylor and 
Girault [20] introduced the first micro liquid/liquid interface. They utilized a 
glass micropipette, which was pulled to a fine tip of around 25.tm, to 
support the interface. One of the main features of this type of ITIES is the 
asymmetry of the diffusion fields at the pipette (see Figure 1.6.1). Mass 
transport of charged species to the interface, from outside the pipette, occurs 
via spherical diffusion whereas charged species enclosed within the confines 
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of the pipette linearly diffuse to the interface. The two different processes can 
be easily distinguished during cyclic voltammetry and this approach can be 
used as a tool to identify the species limiting the potential window [67]. For 
egress motion of charge (from pipette to bulk), ion transfer manifests itself as 
a peak shaped current response and the ingress transfer (from bulk to 
pipette) leads to a steady state wave. Senda et al [68] have used 
micropipettes to study the transfer of acetylcholine across the 
water/ nitrobenzene interface. Using stripping voltammetry, successful 
determination of this ion was achieved at micromolar levels. 
The other means of supporting a micro liquid/liquid interface is in a small 
orifice drilled in an inert membrane material. Campbell and Girault [21] 
formed a 20j.tm hole, using a UV exdmer laser photoablation technique, in a 
12.tm thick polyester film. This technique is very versatile as, not only can a 
large range of hole sizes be machined, but arrays of microholes are possible. 
These have the effect of greatly enhancing the steady state current produced. 
Microhole liquid/liquid interfaces are characterised by a spherical diffusion 
regime on both sides of the membrane (see Figure 1.6.1), always resulting in 
a steady state voltammetric response. Vanysek and Hernandez [69] formed a 
small hole in a thin layer of glass using a high voltage discharge from a Tesla 
coil. In the author's own admission, the holes formed were irregular and 
with a mean radius of 65p.m he outside the range that many would term 
micro. 
1.7 Adsorption 
The phenomenon of adsorption at the ITIES has received much attention 
since it was first reported by Gustalla [4]. He observed a change in the 





surfactant molecule hexadecyltrimethylammonium (HTMA). Since then 
studies on the effect of surface active ions at the FFIES have been numerous 
[70-73]. Molecular adsorption at the liquid/liquid interface can result in 
distinct changes to the interfacial structure and can significantly alter the 
properties of any charge transfer reactions. Also the ITIES suffers from the 
formation of ion pairs, due to the excess concentrations of supporting 
electrolytes present in both phases, again resulting in the distortion of 
experimental data. 
Phospholipid layers adsorbed at the ITIES have been proposed as a possible 
model of the cell membrane [74-76] and their adsorption properties have 
been studied by surface tension measurements using the pendant drop 
method. The cell membrane analogy also led Vanysek et a! [77] to study the 
adsorption of the protein bovine serum albumin at the water/nitrobenzene 
interface. A decrease in the interfacial capacitance led to the conclusion that a 
monolayer of the protein had formed at the interface. 
1.8 Solidified and membrane stabilised ms 
The search for possible applications of liquid/liquid interfaces necessitates 
the need for a more stable transducer for the charge transfer reaction to be 
found. One possible approach is in the solidification of one or both of the 
phases, in the form of a gel or a membrane. The liquid/liquid interface, or 
more correctly the 'solid liquid/liquid interface', then assimilates to an ion 
selective electrode and parallel studies can be undertaken to model the 
mechanisms of such electrodes. Senda et al [78] initiated work in this area 
where the transfer of the tetramethylammonium and picrate ions at the 
poly(vinyl chloride) - nitrobenzene gel / water and agar-water gel / 
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nitrobenzene interfaces were studied by cyclic voltammetry. The same 
authors [61] later used the same polymer - organic gel system to design an 
amperometric ammonium ion selective electrode using facilitated ion 
transfer with dibenzo-18-crown-6 as the mode of sensing. 
Wang et a! [79] described the electrochemical behaviour of the transfer of 
monovalent cations across a polypyrrole membrane (PPM) between two 
electrolyte solutions. Ionic size and charge and the surface characteristics of 
the membrane were all found to influence the transfer process. Anion 
transfer across the water/ nitrobenzene interface has also been investigated 
with the two electrolyte solutions separated by a hydrophilic cellulose 
membrane [80]. The transfer was found to be reversible at low sweep rates. 
1.9 Solvents and supporting electrolytes 
The vast majority of studies of charge transfer reactions at the ITIES utilise 
nitrobenzene and 1,2-dichloroethane as the organic phase solvent. These two 
solvents successfully fulfill the requirements needed to form the oil phase, 
namely: 
Limited solubility in the aqueous phase. 
The solvent density should be significantly far removed from that of the 
aqueous phase, enabling a physically stable liquid/liquid interface to be 
formed. 
Sufficiently high solvent polarity to promote dissociation of the 
supporting electrolyte thus ensuring a high enough solution conductivity. 
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Although nitrobenzene and 1,2-dichloroethane comply satisfactorily to the 
above requirements, their toxicity is such as to make them unattractive both 
to handle and for applications such as in vivo biosensing. Other solvents 
which have been tried include isobutylmethyl ketone [81], o-nitrotoluene 
[82], acetophenone [83], o-nitrophenyloctyl ether [84], chloroform, aniline 
and o-dichlorobenzene [85]. To improve solvent properties mixed solvent 
systems can also be used [86]. 
With regard to supporting electrolytes, Gavach et al [7] showed in 1974 that 
the potential window was limited by the choice of organic phase supporting 
electrolyte when using tetrabutylammonium tetraphenylborate (TBATPB) as 
the organic salt and NaCl as the aqueous electrolyte. This choice provided a 
polarisation range of about 500mV at the water/nitrobenzene interface. Since 
then a lot of effort has been dedicated to the extension of the potential 
window. Hydrophobic cations such as crystal violet [87] or Bis(triphenyl 
phosphoranylidene) ammonium [88] and hydrophobic anions such as 
tetrakis (4-chlorophenylborate) or tetrakis (pentafluorophenyl) borate [67] 
have proved to be useful in enlarging the polarisation range. Figure 1.9.1 
shows the structures of some of these ions. 
1.10 Scope of the present work 
The present study was initiated to combine the theory and methodology of 
charge transfer at the ITIES towards the development of a practical chemical 
sensor. The test system adopted was that reported by Senda et al [61], where 
the facilitated ion transfer of the ammonium ion by dibenzo-18-crown-6 was 
used as the transducer for the ultimate measurement of urea concentrations 
[62]. The theory and methodology of the ITIES is discussed in Chapter 2 with 
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(a) Tetrabutylammonium (ThA') 	 (C4H9)4N 
(b) Bis(triphenylphosporanylidene) ammonium (BTPPA) 
(KI= = ' KII)3 
Tetrakis (4-chiorophenylborate) (TPBC) 
(
c1 B 
Tetrakis (pentafluorophenyl) borate (TPFPW) 
p 	 p 
(F LOU 
F 	F 
Figure 1.9.1 - Supporting electrolyte molecule structures. 
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regard to ion and facilitated ion transfer reactions. Chapter 3 reviews urea 
and creatinine sensors which have been reported in the literature and 
discusses their importance for measurement. 
Chapter 4 focuses on the facilitated transfer of the ammonium ion across the 
water/1,2-dichloroethane interface, where a range of ionophores are studied 
for their complexation properties. Association constants are calculated using 
theory developed by Matsuda et a! [54] for the synthetic crown ether 
dibenzo-18-crown-6 and the natural antibiotics nonactin and valinomydn. 
In chapter 5, microhole liquid/liquid interfaces are investigated using low 
concentrations of supporting electrolyte in both the organic and aqueous 
phases. An aqueous phase containing simply pure water was found to give a 
potential window of around 1 volt and now for the first time the potential 
window is limited by the properties of the solvent itself. Also the effect of a 
decrease in the concentration of the organic phase supporting electrolyte on 
the transfer of the tetramethylammonium (TMA+) cation is studied. The data 
was analysed using methodology developed by Oldham [89]. The facilitated 
potassium ion transfer by DB18C6 is investigated at 1 20 gm single 
microhole. The properties of the charge transfer reaction are discussed with 
respect to a change in the potassium ion concentration. 
Chapter 6 uses the microhole interface, again using only water as the 
aqueous phase, to follow the hydrolytic decomposition of urea by the 
enzyme urease. The facilitated transfer of the ammonium ion (produced as a 
result of the enzymatic reaction) is quantitatively determined using urease 
either free in solution or immobilized on a gas permeable membrane. A 
similar approach is applied to creatinine analysis. 
I;J 
Finally in chapter 7, the effect of the polyelectrolyte Nafion on the ITIES is 
studied. On addition to the aqueous phase of a cell used for the study of ion 
transfer reactions, characteristic adsorption/ transfer peaks develop which 
have been attributed to the transfer of the adsorbed Nafion. Attempts are 
also made to produce a solidified organic phase using silicone gels and 
methacrylate polymers. The most promising results were obtained using a 
mixture of the hydrophobic polymer ethylene glycol dimethacrylate and o-
nitrophenyloctylether. The dimethacrylate polymer was easily polymerised 
by exposure to u.v. radiation using an appropriate initiator. A final sensor 
structure is proposed. 
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Chapter Two 
Theory and methodology at the ITIES 
As previously mentioned, the major breakthrough in studies at the ms 
came when Gavach et a! [5] demonstrated that the liquid/liquid interface 
was polarisable. This allowed much of the theory and methodology used for 
the study of charge transfer reactions at metallic electrode /electrolyte 
solution interfaces to be used on studies at the liquid/liquid interface. 
When two immiscible electrolyte solutions a and 0 are in contact, the solute 
partitions itself between the two phases until an equilibrium is reached. At 
equilibrium the electrochemical potential of each phase is equal: 
where 
= ,:' + z1Føa 	 (2.1.2) 
where 4ur is the chemical potential and Oa represents the inner potential. 
The same expression can be written for phase P. The difference in chemical 
potential can then be expanded to: 
,1 — p =/i +RTlna' 4u 0" — RTlna 	 (2.1.3) 
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From this the standard Gibbs energy of transfer can be defined as: 
=/1;" 
- f.a 	 (2.1.4) 
This quantity is effectively the work required to transfer the species i, from 
the bulk of the solvent a to the bulk of solvent 0. Physically this quantity is 
related to the standard Gibbs solvation energies of the ion in each phase. It is 
the difference between these values which gives rise to the potential 
differences which develop at the liquid/liquid interface. This can be 
compared to a metal /electrolyte solution interface where a potential 
difference develops due to occupied and unoccupied electronic levels within 





_LI 	 (2.1.5) 
z.F 	z,F a) 
and by defining the standard potential of transfer as: 
Al Øj0 = - 	 (2.1.6) 
z,F 
the following relationship is thus obtained: 




This equation is the liquid/liquid equivalent of the Nernst equation for the 
metal /electrolyte solution interface. The quantity NØ is termed the Galvani 
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potential difference. It should be noted that it is often easier to use equation 
2.1.7 in terms of the concentration of species in each phase. For this purpose 
the standard potential term iéØ° will be replaced by the formal potential 
$po However, due to thermodynamic limitations, the quantities 00 and 
a,  which are the inner potentials of the respective phases, as well as the 
standard Gibbs energy of transfer of an ion are not amenable to direct 
measurement. 
In contrast, if the following equilibrium is considered for a salt MX: 
solvated in a and 	 solvated in 13 and M' 
+ X totally dissociated M + X totally dissociated 
then the standard Gibbs energy of this equilibrium, which represents the 
standard Gibbs energy of transfer of the salt MX from a to 0 (AG7), is 
given by: 
- - - o,a EG0 	= fo,I3 +i) - WM+ +ji) 	 (2.1.8) lr,MX 
This thermodynamic quantity is amenable to measurement and corresponds 
to the difference in solvation of the salt between a and f. Given that 
solvation results in complete dissociation of MX it can also be expressed as 
the sum of the standard Gibbs energies of transfer of the ions M and X: 
= 	+ 	 (2.1.9) 
tr.X 
Even though values of AGO ,  are experimentally measurable quantities, 
data obtained is meaningless unless a scale of single ionic standard Gibbs 
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energy of transfer is established. This is done by introducing an extra 
thermodynamic assumption. Many different assumptions have been 
proposed, the most commonly used being the Grunwald or 'TATB' 
assumption. This states that the anion and cation of tetraphenylarsonium 
tetraphenylborate have equal standard Gibbs transfer energies. 
AG0a 	= 	 = 1/ 2AG0I9 	 (2.1.10) Ir,TPB jr,TPA? 	 tT,TPASTPB 
The basis of this assumption is the similarity between the two ions, i.e. size, 
symmetry and the way the charge is masked under the phenyl groups in 
each case (see Figure 2.1.1), thus suggesting that their energies of solvation 
would be similar. 
r IlIkk 1 
As 	 B [oo] 
[C] 
Figure 2.1.1 - Structure of Tetraphenylarsonium tetraphenylborate. 
However, this assumption is a fairly unrealistic one since the charge on these 
species will not be totally masked by the phenyls and, due to the opposite 
charges, the ions will be solvated to different degrees. A recent publication 
by Shao et al [90] reported crystallographic data for TPAs and TPW where 
the bond lengths As-C and B-C for the respective ions were found to be 1.91 
and 1.63 A. The difference in radii of 0.28A translated to a Gibbs energy of 
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transfer difference of 14 kJmoi 1 when compared with a plot of the Gibbs 
energy of transfer for a series of tetraalkylammomum ions, as a function of 
their ionic radii. This difference in lengths of the bonds between the central 
atom and the phenyl ring is a clear indication that the two ions are not of the 
same radius as assumed in the TATB approach. Nevertheless the TATB 
assumption provides a useful first approximation. 
Therefore, using this assumption, a scale for the standard Gibbs energies of 
transfer of individual ions from one solvent to another can be obtained. This 
is based on the standard Gibbs energies of transfer of a salt which is 
calculated from partition coefficients. Once a value for AG is obtained trj 
the standard electric potential difference for individual ions between the 
phases a and 3 can be calculated from equation 2.1.6. One important point to 
note is that the standard Gibbs energy of transfer data commonly used is 
related to ion transfer between mutually saturated solvents (known as the 
Gibbs energy of partition). This is different from the data given as the Gibbs 
energy of transfer which refers to the transfer from the pure solvent a to the 
pure solvent P. 
The characteristics of an ideally polarised ITIES is the absence of exchange of 
ions between the two phases, therefore the number of ions that can partition 
is equal to zero. 
This situation can be illustrated if we consider a strongly hydrophilic 1:1 
electrolyte, BA1 , which is dissolved in water and a strongly hydrophobic 1:1 
electrolyte, B2A2 , which is dissolved in the organic solvent (see CELL I). 
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rh/I, 	 CELL  
where r1 and i represent the reference electrodes which are reversible to 
either cation (B or B2 ) or anion (A 1 or A2 ). The equilibria of the exchange 
reactions can be represented as: 
A(a)+)A(J3)+A(a) 
and 
B(a)+ B3) 	J3) + B(a) 
and are strongly shifted to the left-hand side. As the values of the activities 
of the species on the right-hand side will be very low, then potential 
determination is not possible using the common method of ion activities. 
Thus AUØ is determined much more by the electric charge in the double 
layer. This situation is completely analogous to that of an ideal polarised 
metal/electrolyte solution interface. This situation is what is termed an ideal 
polarised liquid/liquid interface. 
The situation of an ideally polarised interface refers to an electrostatic 
equilibrium where, if a potential difference is applied, no current is observed 
to flow across the interface. In the case of a polarised interface this refers to a 
chemical equilibrium and the application of a potential difference 
necessitates the flow of an electrical current to establish a chemical 
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equilibrium. The region over which this current is considered negligible is 
called the polarisation window. 
Experimentally this is achieved by dissolving supporting electrolytes in each 
phase such that the aqueous phase consists of a hydrophilic salt (i.e. LiC1) 
and the organic phase a hydrophobic salt (i.e. TBATPB). Using these two 
salts as an example, Table 2.1 gives the standard potential values for the 
constituent ions. 
Table 2.1 - Standard transfrr potentials of some ions from water to 1,2- 
dichloroethane. 
ION AWATER '1,2-DCE't' 
Li +591  
Ct -528  
TBA -225 [90] 
TPW +365 [90] 
At chemical equilibrium, the ionic concentration in both phases is related to 
the Galvani potential difference given by equation 2.1.7. If the Galvani 
potential difference is made very positive, Li can transfer from water to 1,2-
DCE and TPW from 1,2-DCE to water. In this case, as can be seen from the 
potential values, the transfer potential of TPB is reached first and the 
transfer of this species limits the potential window at positive potentials. 
Conversely, if the Galvani potential is made very negative, then Cl - can 
transfer from water to 1,2-DCE and TBA can transfer from 1,2-DCE to 
water. In this case TBA limits the potential window at negative potentials. 
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This gives a potential window of around 500mV. Using more exotic 
supporting electrolytes a potential window of close to 1 volt can be achieved. 
2.4 Ideally unpolarised liquid/liquid interfaces 
Alternatively, there can exist the scenario shown in CELL II: 
ij/B3A 1 (a)/IB3 (ft)/, 	 CELL II 
Both phases now have a common ion B3 which is transferable across the 
interface, however, the transfer of the ion A1 from a to 0 and that of ion A 2 in 
the opposite direction are negligible in the potential window. Under these 
conditions the electrical potential difference between a and 0 will be 
determined practically only by the activities of B3 in both phases according 
to equation 2.4.1, if the concentrations of the salts in a and 0 have 
comparable values. 
= 	0 
+ RT In 	
(2.4.1) 
zF 	) 
This situation is termed a non-polarised liquid/liquid interface. 
Charge transfer reactions are studied across the ideally polarised 
liquid/liquid interface whereas the non polarised liquid/liquid interface is 
used as a reference electrode (often termed as the organic phase cation ISE). 
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2.5 Mass transport 
In a similar manner to metal /electrolyte solution interfaces there are three 
types of mass transport that can occur at an ITIES, namely migration, 
convection and diffusion. 
2.5.1 Migration 
Migration is the movement of charged species in solution due to a potential 
gradient. This is the main mechanism by which charge passes through the 
bulk of the solution which counter balances the flow of electrons in the 
external circuit. In reality, migration is rarely an important form of mass 
transport for electroactive species. The forces leading to migration are purely 
electrostatic and hence the charge can be carried by any ionic species in 
solution. Therefore, if large enough concentrations of supporting electrolyte 
are used then only negligible amounts of the electroactive species will be 
transported by this method. 
2.5.2 Convection 
Convection is the movement of a species due to mechanical forces. This may 
occur naturally, due to thermal fluctuations or can be deliberately 
introduced, such as by stirring the electrolyte solution or by using a rotating 
disc electrode. Natural convection generally occurs in the bulk of the 
solution, so by careful experimental procedure, this process should not affect 
the area near the interface. 
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2.5.3 Diffusion 
Diffusion is the movement of a species due to a concentration gradient in 
solution where the species will try to move down this gradient so as to 
produce a uniform concentration 	throughout the solution. This 
concentration gradient may develop as a result of either oxidation or 
reduction, or due to a charge transfer reaction across the MES. It is this 
concentration gradient which controls the arrival and removal of 
electroactive reactants and products at the interface and this in turn governs 
the current which flows across the interface at the applied potential. 
The movement of these species can be described by Fick's laws of diffusion 
which describe the flux, J, of a substance, 0, and its concentration as a 
function of time, t, and position, x. The flux of 0 is the number of moles of 0 
passing a given location x per unit time, per unit area. Fick's first law states 
that the flux is proportional to the concentration gradient, dc. I dx. 
dc0 (x,t) 
—J0 (x,t) = D. (2.5.1) —d 	
 
From this equation it is then possible to derive an expression for the 
variation of concentration at a location x, with respect to time: 
	
dc0(x,t) - 	____ 
dt - dx 2  J 	(2.5.2) 
This is Fick's second law of diffusion. The flux of a species to an interface, 
however, is very dependent upon the geometry of the interface itself. If the 
interface consists of a flat semi-infinite plane, then diffusion to the interface 
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will be of a linear nature. This is the case for species diffusing to the interface 
at the, so-called, large fliES (Interfacial area = 1.13 cm 2). On reduction of the 
size of the interface, to microelectrode dimensions, the diffusion 
characteristics alter significantly from linear to nearly spherical due to the 
effect of the electrode edge. Studies utilising micro liquid/liquid interfaces 
have shown interesting diffusional regimes to the interface. Micropipettes 
possess an asymmetric diffusion regime where linear diffusion, to the 
interface, occurs inside the pipette and spherical diffusion outside. Microhole 
interfaces have spherical diffusion characteristics at either side of the hole. 
These effects are shown in Figure 1.6.1. The treatment of experimental data 
however, depends on the shape of this micro interface. A microhole interface 
has been shown to be equivalent to a solid microdisc electrode (see Chapter 
5) and Stewart et al [97] have shown that a micropipette interface behaves 
somewhere between a microdisc and a microhemisphere. For the case of 




- D. dc, 
 ar ) 	
(2.5.3) 
where r is defined as the radial distance of the surface from the centre of the 
sphere. 
2.6 Interfacial structure 
In the days when Gavach et al and Koryta et al were conducting pioneering 
studies at the ITIES, very little was known about the structure of the 
interface and more importantly about the potential distribution at this 
interface. Even as early as 1939, an interfacial model had been proposed by 
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Verwey and Niessen [3].  They proposed an interfacial region represented by 
a space charge region in each phase, one containing an excess of positive 
charges and the other an equal excess of negative charges. This space charge 
region was described by the Gouy-Chapman theory. Later Gavach et al [93] 
proposed a modified version of this model assuming the presence of an ion 
free inner layer of oriented solvent molecules defining planes of closest 
approach (outer Helmholtz planes) for both aqueous and organic sides of the 
interface. Figure 2.6.1 shows schematically the modified Verwey-Niessen 
model which has been commonly adopted by workers in this field. 
Aqueous 	 Organic 
phase phase 
Diffuse layer 	 Diffuse layer 
- 
- - _oj 
- 
Inner 
— fo 2W 
2 	X2 
Figure 2.6.1 - The modified Verwey-Niessen model of the JTIES. x and x2° are the 
positions of ions at the liquid/liquid equivalent of the outer Helmholtz planes in the 
aqueous and organic phases respectively. 
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In this model the Galvani potential difference A7.0 splits into three 
components: 
WØ = - = EØ1 + 02 	 (2.6.1) 
where Y. Oj = Ø(x) - Ø(x) is the potential difference across the inner layer 
and Ø = Ø(x) - 00 and Ø' = - Ø" are the potential differences across 
the diffuse layers in the organic and aqueous phases respectively. 
Recently Girault and Schiffrmn [94] proposed a new model of the interfacial 
structure. They suggested that the interface could be regarded as a mixed 
solvent layer, no more than two or three molecular diameters thick. This 
model illustrated in Figure 2.6.2 shows that the penetration of the ions in the 
interfacial region depends upon their hydrophobicity or hydrophilicity. A 
hydrophobic ion such as sodium or chloride tends not to enter the interface 
thus there exists a positive surface excess of water. Alternatively, at the 
interface between two electrolytes having a common hydrophobic cation 
(e.g. TBAC1/TBATPBC1), this cation will freely penetrate the interface to 
such an extent as to be specifically adsorbed [95]. It is expected that the 
variation of the standard chemical potential which represents the Gibbs 
energy of transfer will take place in this region. 
the IflES 
As previously mentioned, due to the similarity of the ITIES to a 
metal /electrolyte solution interface, the same electrochemical methods can 
be applied to the study of charge transfer phenomena at this interface. 
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2.7.1 Ion transfer 
Early studies on the polarisable 1TIES were on simple ion transfer reactions 
of the type: 
M' (a) 	M(J3) 
	
(2.7.1) 
MIXED SOLVENT LAYER MODEL 
POLARISABLE INTERFACE 
OTBA+ G • a1  
Figure 2.6.2 - Schematic representation of the mixed solvent layer proposed by 
Girault and Schffrmn [941. 
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Study was restricted to controlled current techniques such as 
chronopotentiometry where problems resulting from iR drop resistance 
hindered accurate analysis. The introduction of the 4 electrode potentiostat 
by Samec et a! [9,10] changed this and allowed potentiostatic techniques to 
be used at the liquid/liquid interface. Cyclic voltammetry was one of the 
first techniques to be investigated. 
2.7.2 Cyclic voltammetry 
It was shown by Homolka and Marecek [12], that cyclic voltammograms 
produced by reversible ion transfer reactions had similar properties to 
reversible electron transfer reactions at a metal/electrolyte solution interface. 
A typical example of an ion transfer voltammogram for the 
tetramethylammonium cation (TMA) is shown in Figure 2.7.1. In this case 
the transfer is controlled by linear diffusion of the TMA, in the aqueous 
phase, to the interface, where the magnitude of the forward peak, I i,, is 
proportional to the square root of the scan rate, o 1 "2 . Experimentally a 
potential is applied at the interface which varies linearly with time and after 
a set time this voltage scan is reversed. The current produced as a result of 
this applied voltage is then recorded as a function of potential giving 
voltammetric shapes similar in character to Figure 2.7.1. This typical shape 
develops for similar reasons to that produced for electron transfer reactions 
to metal electrodes using the same technique. However, we are concerned 
with a flux of ions at the ITIES and not electrons. 
The accurate use of cyclic voltammetry at liquid/liquid interfaces depends 
upon the application of the correct amount of iR drop compensation. For a 
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reversible ion transfer reaction this can be checked if the recorded 
voltammogram has a peak to peak separation of 59mV/z at 25°C. Also 
because the mass transport equations for electron transfer hold for study at 
the ITIES, then the Randles-Sevcik equation can be used: 
i = (2.7.2) 
 zF 
'..RT) 
This equation then allows evaluation of the diffusion coefficients of the 
transferring ions. Also the relationship between the half wave potential and 
the standard potential can be defined as: 
RT ( y r 
AØ"2 fl0o +- in I 
zF 	yD
1
a J 	(2.7.3) 
However, in using this equation, estimates have to be made on the values of 
the activity coefficients and the ratio of the diffusion coefficients must also be 
approximated to the inverse ratio of the viscosity's of both solvents. This 
relationship is given by Walden's rule: 
(D\ 
I 	P I - I 	Ia 














Figure 2.7.1 - Cyclic voltammogram of TMA transfer across the water 11,2 DCE 
interface. Scan rates =9, 16, 25, 36, 49, 64, 81 and lOOm Vs 1 as in the CELL below. 
Ag I AgC1 / 10mM TBAC1 / 1OmMTBATPBC1 ,,lOmM LiC1 / AgC1 / Ag' 
0.2mM TMACI 
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2.7.3 Facilitated ion transfer 
In a similar manner to simple ion transfer reactions, cyclic voltammetry can 
be used in the quantitative analysis of facilitated ion transfer reactions. 
Typically the complexing agents are hydrophobic macrocyclic compounds 
which, during complexation with an ion, alters the solvation energy of the 
ion to such an extent that there results a significant change in the potential of 
transfer to more negative values. 
A typical assisted ion transfer reaction involves the transfer of a metal 
in phase a, which is facilitated by the transfer of a neutral ligand (L) 
dissolved in phase P. As mentioned in section 1.4, the mechanism of 
facilitated ion transfer depends on factors such as association constants and 
complexation equilibria. Also, the fact that the liquid/liquid interface is not a 
sharp physical boundary makes it difficult to differentiate cases where the 
ionophore is distributed between the two phases. The typical reaction 
scheme is of the type: 
M (a) + L (1) 	ML() 	 (2.7.5) 
In order to consider the above thermodynamic equilbrium for facilitated ion 
transfer reactions, certain assumptions need to be made: 
- the concentration of the metal ion in water is in excess compared to that of 
the ligand in the organic phase. 
- the partition coefficient of the ligand is so large that its aqueous phase 
concentration can be neglected. 
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- complex formation in the organic phase is so high that the metal 
concentration in the organic phase can be neglected. 
Thus, from equation 2.7.5, a distribution coefficient for the various 
components involved can be defined as: 
$ 
	
K' = 	 (2.7.6) 
a 
and a homogeneous association constant, for phases a and 3, K a can be 
defined as: 
K0 = _ 
a 
ML 	 (2.7.7) 
a,,,. aL 
For reversible ion transfer reactions the Galvani potential difference between 
the phases a and 0 is given by: 
Ap RT ao = 	
+ — lnl
(ar'  
1- I 	(2.7.8) 
z,F ,aM+) 
The Galvani potential difference for a 1:1 stoichiometric facilitated ion 
transfer reaction across a water (w)/oil (o) interface then becomes: 
sp=A:ø;. +— lnI 	J (2.7.9) ( zF cK 0c.  
where Ka is the association constant and the equation is able to be written in 
terms of concentration due to the introduction of the formal Galvam 
potential difference. Experimental conditions generally dictate that the 
concentration of M in the aqueous phase is in excess compared to that of the 
ionophore. Thus any ion transfer current measured is due to the diffusion of 
the ionophore to the interface and the ionophore-metal complex away from 
it. Therefore, at the half wave potential the following condition applies: 
/ 	\1/2 
DL 1 
( CCIWL )=o - t,D11,,+ J (2.7.10) 
and an expression for the half wave potential can be written as: 
w1/2 =EtØ0 	 _DL 	.ilfl(KC) 	 (2.7.11) 
2F D + ) zF 
This then allows the calculation of the association constant (Ka)  in the organic 
phase by varying the metal ion concentration in the aqueous phase. The 
variation of the half wave potential is then plotted as a function of in (c + ) 
and this plot is then extrapolated to zero concentration. This calculation 
however, assumes that DL = 	which is a reasonable assumption due to 
the similarity in size of the two species. Recent work by Matsuda et al [54], 
has mathematically redefined assisted ion transfer reactions, which now 
allows for the simple calculation of ion/ionophore association constants 
even for the case where the ionophore partitions significantly into the 
aqueous phase. This treatment however, relies on a value for the distribution 
coefficient of the ionophore between the two adjacent phases to be known. 
Association constants calculated by both methods, for facilitated ammonium 
ion transfer by dibenzo-18-crown-6 will be compared in Chapter 4. 
In a similar manner to ion transfer reactions, all characteristics related to 
cyclic voltammetry apply for facilitated ion transfer reactions. One major 
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difference is that the stoichiometry of the ion/ionophore transfer can play a 
major role. One useful method to determine this stoicKiometry of the 
transferring complex was published by Homolka et a! [96]. They showed 
that for a TIC transfer mechanism the peak to peak separations obtained by 
cyclic voltammetry were equal to 59, 87 and 112mV for stoichiometric 
complexations (cation to ligand) of 1:1, 1:2 and 1:3 respectively. 
2.7.4 Micro ITIES 
Microelectrodes are electrodes, which have inherent properties. which are a 
direct function of their small size. These type of electrodes have received 
much attention over the last decade particularly in relation to 
electroanalytical and bioelectrochemical studies used for in vivo analysis. 
Many features of microelecrodes have distinct advantages over larger 
electrodes, most of which have been mentioned in 1.6. 
Results obtained using micro liquid/liquid interfaces, which were 
introduced by Taylor and Girault [20] in the form of a micropipette 
supported interface, were analysed by a direct transposition of equations 
used for solid microelectrodes. Concentration dependence studies on the 
steady state waves produced at micropipette interfaces pointed towards the 
interface having the shape someway between a microdisc and a 
microhemisphere [97], when using pipettes pulled with thick walled glass. 
These situations are described by equations 2.7.12 and 2.7.13. 
MICROHEMISPHERE 	I,, = 2rnFDcr 	 (2.7.12) 
MICRODISC 	 is, = 4nFDcr 	 (2.7.13) 
ELI 
where I is the steady state current, c is the concentration of the ion under 
study and r is the radius of the microelectrode. Recent work by Beattie and 
Girault [92] has, however, shown conflicting results where the micropipette 
interface seems to behave between that of a hemisphere and a sphere. It is 
however not possible that the interface could attain the shape of a sphere 
due to considerations of the maximum bubble pressure. These results were 
produced using a more reproducible pipette pulling procedure than in [97], 
using thin walled glass which resulted in a very flat tip surface. These 
authors therefore concluded that the interface was hemispherical in nature 
with enhanced current due to diffusion from the area 'behind' the plane of 
the interface. This is a fair analysis given that most of the diffusion models 
for microelectrode geometries consider the interface as being in an infinite 
insulating plane. Clearly the micropipette does not fall into this category. 
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One very useful technique for the analysis Of steady state waves obtained 
using micro liquid/liquid interfaces is chronoamperometry. This technique 
can allow for rapid determination of steady state current values and gives 
accurate data on the time taken to reach a steady state. 
If we consider an electrode reaction which is described by equation 2.7.14, 
where initially only 0 is present in solution. 
Ox + ne Red 	 (2.7.14) 
A potential E1 is applied to the working electrode where no reduction is 
occuring. The value of this potential is then instantaneously changed to a 
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new value E2, where the reduction of 0 occurs at a diffusion controlled rate. 
At this potential none of 0 can coexist with the electrode, and its surface 
concentration goes nearly to zero. In chronoamperometric experiments it is 
the response of the system to this step pertubation which is of interest. A 
typical chronoamperometric response is shown in Figure 2.7.2. This system 
corresponds to a simple K/DB18C6 assisted ion transfer reaction at a single 
38p.m microhole (see Chapter 5 for analysis). The mathematical treatment of 
this technique involves solving Fick's second law of diffusion with the 
appropriate boundary conditions. The resultant solution for a microdisc 
electrode is given by the following equation: 
= nFAlsf 2c 
+ 4nFDcr 	 (2.7.15) 
where r is the microelectrode radius and I is the overall current. Two limiting 
situations can be identified in equation (2.7.15). At short times, the first time 
dependent term dominates and the current approaches that at a planar 
electrode of the same area (Cottrell behaviour). During this time, the current 
falls as t1 '2 . A plot of I vs t1'2 should be linear, passing through the origin 
(this can be used as a test to signify diffusion control) and the diffusion 
coefficient of the species under study can be found from the gradient of the 
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Figure 2.7.2 - Chronoamperogram for a KiDB18C6 facilitated ion transfer reaction 
at a 38 pm single microhole. 
All experiments at a large planar 1TIES were conducted using a 4 electrode 
system. A typical cell configuration for these type of experiments is shown in 
Figure 2.8.1. The MES itself is not strictly planar and there exists a slight 
curvature due to surface tension effects. However, this small curvature can 
generally be neglected. The interface itself is positioned between the 
reference Luggin capillaries in order that the effect of iR drop can be 
minimised in each phase. The composition of the system under study 
dictates which reference arm the interface is positioned closest to. 
For voltammetric experiments the potential difference between the two 
phases is controlled by means of a 4-electrode potentiostatic system. This 
system consisted of a normal three electrode potentiostat (Southampton 
University), on which only the reference and counter electrode terminals 
were used, and a 'home made' zerostat. The reference and counter electrode 
terminals of the potentiostat were connected to the organic phase and the 
zerostat terminals to the aqueous phase. The zerostat holds the potential of 
the phase, whose reference and counter electrodes are connected to it, at a 
virtual zero potential with respect to the other phase. The potential is 
applied to the 3-electrode potentiostat, which normally controls the potential 
of the organic phase, thus the Galvani potential differences quoted, 
refer to that of the water phase with respect to the organic phase. 
Ag/AgC1 	Pt wire 
wire (RE) (CE) 
Pt wire 	Ag/AgC1 




Figure 2.8.1 - Schematic of the cell used for study at the large JTIES 
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The 4 electrodes commonly used at the large 1TthS consist of a reference 
(Ag/AgC1) and a counter (Pt wire) electrode in each phase. The reference 
electrodes are placed, via the Luggin capillaries as close as possible to the 
interface and they serve to control the potential difference which is applied 
at the interface. Any current arising from charge transfer processes across the 
ITIES is carried and measured through the counter electrodes. The iR 
compensation is applied by feeding back a proportion of the output signal to 
the input of the potentiostat, full iR compensation being achieved when the 
electronics go into oscillation. In practice, the potentiostat is known to need 
some uncompensated resistance for stability, thus the compensation is set at 
a value slightly less than that required for oscillation. 
The applied waveforms were supplied using a PPR1 Waveform generator 
(Hi-Tek, UK) and the potential and current output signals were monitored 
using an X-Y recorder (Advance Bryans Instruments, Series 6000 and 
Graphtec Corp. WX1200). 
For all experiments, the electrochemical cell and the potentiostat/zerostat 
were housed and grounded using a Faraday cage to minimise background 
noise. All experiments were conducted at 25 °C using a circulating 
thermostatted bath. A typical experimental cell composition for the study of 
charge transfer processes at the ITIES is denoted as follows: 
Ag / AgCI ,Organic phase ,Organic phase, ,Aqueous phase, AgCl I Ag' 
reference solution electrolyte 	electrolyte 
Organic phase ISE 	> 1,2—DCE > HO 	REF > 
A single / denotes the linkage of species constituting one of the immiscible 
phases and the JTIES itself is denoted by a double I!. 
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2.8.2 Micro-ITIES 
Micropipettes were manufactured using glass supplied by Clark 
Electrochemical Instruments, Reading, England (1.5mm o.d, 0.86mm i.d.). 
An appropriate pulling programme was set using a vertical pipette puller 
(Kopf 720, Tujunga, USA) which produced pipettes with short shanks and a 
fine tip. The aqueous phase electrolyte was then placed into the pipette by 
back filling with a fine needled syringe. A two electrode configuration was 
used when recording voltammograms, which was possible due to the small 
interfacial area and currents being dealt with. Figure 2.8.2 shows a schematic 
of the experimental cell used. The organic phase and its reference electrolyte 
were placed into the U tube, and the exposed part of the organic phase was 
covered with a small amount of the aqueous phase to prevent evaporation. 
The pipette was then placed into the organic phase, as dose as possible to the 
organic electrolyte /organic reference electrolyte interface in order to 
minimise any iR drop arising from the organic phase. The positioning of the 
micropipette tip was monitored using a zoom microscope (Olympus, SZH, 
maximum magnification 384x) used in conjunction with a colour video 
attachment (Sony CCD camera, DXC-102) which also served to ensure that 
the interface remained located at the tip of the pipette. Another microscope 
(Vickers Instruments), which contained a calibrated graticle, allowed 
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Figure 2.8.2 - Schematic of the cell used for the study of micropipette ITIES 
For microhole experiments the cell consisted of a circular microhole formed 
in a 12.tm thick polyester film (Melinex, ICI, UK) sealed on a glass flange (see 
Figure 2.8.3). The interface between the aqueous and organic phases was 
supported within the microhole. The aqueous phase supporting electrolyte 
also covers the organic phase in the main cell to prevent the release of 
harmful vapours from the solvent used. The electrochemical cell used was 
again a two electrode cell with a silver/silver chloride reference/ counter 
electrode in the aqueous phase. The organic reference electrode was a 












Figure 2.8.3 - Schematic of the cell used for study of microhole ITIES 
For the ion transfer reactions studied at the micro ITIES, a voltage ramp was 
applied at the organic reference electrode using a waveform generator, and 
the resultant current was then measured through the aqueous reference 
electrode with a current follower based on a high-input impedance FET 
operational amplifier( Burr Brown OAP 104). The voltammograms were 
again recorded on an analog XY-recorder (Advanced Bryans, UK). All 
experiments were carried out at room temperature (20±2 °C) - (Edinburgh) 
and (23±0.5°C) - (Lausanne) except for enzyme experiments using creatinine 
deiminase which were thermostated at (37±0.5°C). 
The micromachining of the hole was performed using an UV excimer laser 
photoablation processing technique developed by Exitech Ltd (Oxford,UK) 
[98]. Figure 2.8.4 shows the S.E.M photographs of a 38p.m diameter hole at 
the UV light entrance and exit sides. One property of the excimer laser 
48 
processing technique is that a sloping wall develops within the membrane 
resulting in the UV light exit hole being of a smaller size than the entrance 
hole. This effect is termed anisotropic etching, the extent of which depends 
on the optical arrangement of the excimer laser and the quality of the mask 
used to produce the holes. In this case, the exit hole is 33j.tm as measured by 
S.E.M (B). Also, as the polyester film is naturally hydrophobic, it is necessary 
to hydrophilise one side of the membrane to increase its surface wettability. 
Again, using excimer laser irradiation, the top surface of the polyester 
surface can be cleaned, thus removing contaminants and chemically 
activating/deactivating the surface of the polymer. The surface is therefore 
roughened and charge induced so that water, in this case, can be made to 
better adhere to it. This effect can be clearly seen in A and B where the UV 
light entrance side (A) has been hydrophilised thus giving a roughened 
surface. The UV light exit side has been unaltered and thus keeps its smooth 
appearance (B). 
Jrrzr 
The reference electrodes used were Ag/AgC1, Ag/Ag2SO 4, Ag/Ag2CO3 and 
a saturated calomel electrode. The silver/silver salt reference electrodes were 
all prepared in a similar manner. Silver wire (99.99% Goodfellow, England) 
is connected to the anode of a 9V battery and placed in an aqueous solution 
of the silver salt required i.e. NaCl, K2SO4 etc. A counter electrode is then 
attached to the cathode of the battery and the resultant current flow coats an 
insoluble layer of the required silver salt on the silver wire. For micropipette 
experiments a 125im silver wire was used, and for other experiments 0.5mm 
wire was used. The Calomel electrode was supplied by Russell electrodes 
(Auchtermuchty, Scotland). 
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A - Laser entrance side- Hydrophilised 38jtm 
B - Laser exit side - Non Hydrophilised- 33iim 
Figure 2.8.4 - Scanning Electron Micrographs of a 381vn single microhole 
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2.8.4 Chemicals 
All salts used were of purum grade (>99% purity) or better and supplied by 
Fluka, Aldrich or Merck. 
lonophores 
Dibenzo-18-crown-6 (Fluka, purum) 
Nonactin (Fluka, puriss >99.5%) 
Monensin sodium salt (Fluka, >99%) 
Valinomycin (Fluka, >98%) 
Benzo-15-crown-5 (Fluka, >99%) 
Triton X-100 (Fluka) 
Solvents 
1,2-Dichioroethane (Merck, puriss >99%) 
Nitrobenzene (BDH, Analar) 
H20 (Millipore, Milli-QSP Reagent water system) 
Methanol (Fluka, purum >99%) 
Acetone (Fluka,purum >99%) 
o-Nitrophenyloctylether (Fluka, selectophore, >99%) 
Hydrochloric Add (Fluka, puriss >99.5%) 
Enzyme reagents 
Urea (Fluka, Microselect >99.5%) 
Urease (Sigma, EC 3.5.1.5) 
Creatinine (Sigma) 
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Creatinine deimi.nase (Sigma, EC 3.5.4.21) 
Glycine (Fluka, Microselect >99.5%) 
Bovine Serum Albumin (Sigma) 
Glutaraldehyde (Sigma, 25% Aqueous solution) 
Buffer tablets pH 4 and 7 (Fluka) 
Others 
Nafion (5wt. % solution in a mixture of lower aliphatic alcohols and 10% 
water, Aldrich) 
Silicone rubber sealant (RTV 730, Solvent resistant) Dow Corning 
Siloprene and Cros slinking agent (Fluka) 
TBATPBC1 (tetrabutylammonium tetrakis(4-chlorophenyl)borate) and 
BTPPATPBC1 (Bis (triphenylphosphoranylidene)ammonium tetrakis(4-
chlorophenyl)borate were prepared by metathesis of tetrabutylammonium 
chloride and potassium tetrakis(4-chlorophenyl)borate, and by that of 
(Bis(triphenylphosphoranylidene)ammonium chloride and potassium 
tetrakis(4-chlorophenyl)borate respectively. Equimolar amounts of the salts 
were used and the solvent used for both sets of reagents was a 
methanol/water mixture (2:1). The resulting precipitate was filtered and 
washed thoroughly with water. The filtrate was then recrystallised with 
methanol and dried under vacuum. TPAsTPB (tetraphenylarsonium 
tetraphenylborate) was prepared by metathesis of tetraphenylarsonium 
chloride and sodium tetraphenylborate and recrystallised in a similar 
manner to the above. NH4TPB (ammonium tetraphenylborate) was 
prepared by metathesis of sodium tetraphenylborate and ammonium 
chloride (equimolar amounts dissolved in water). The filtrate was then 




Biosensors represent a new approach to the detection of species of clinical 
importance. Biosensors are analytical devices based on the combination of a 
biological component with a suitable transducer. The biological component 
is in an immobilised form, generally in close proximity to the transducer 
[99]. It may catalyse chemical reactions (e.g. enzymes) or specifically bind to 
the analyte (e.g. antibodies). The transducer then monitors the biochemical 
reaction or the formation of a complex. Due to the specificity of the 
biochemical reaction, biosensor systems can be used in complex media such 
as blood, serum or urine with minimum sample pre-treatment. 
The modern concept of biosensing owes much to the ideas of Leland.C.Clark 
Jr. and co-workers [100]. They proposed that enzymes could be immobilised 
at electrochemical detectors to form enzyme electrodes, which would expand 
the analyte range of the base sensor. One of the first enzyme electrodes to 
enable these types of measurements to be made was Clark's cellophane 
covered platinum/oxygen cathode, which allowed the determination of the 
enzymatic production of oxygen and hydrogen peroxide, depending on the 
holding potential. Many biosensors thus combine the Clark oxygen electrode 
with enzymes immobilised on the electrode membrane. 
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Most of the sensors studied so far are electrochemical in nature, operate in a 
potentiometric mode, and rely on the selective partitioning of the ion to be 
monitored in an ion-selective membrane. The most common potentiometric 
device is the pH electrode. This class of ion-selective electrode has the 
advantage of being easy to use and of having fairly fast response times. 
However, they also have drawbacks, the most notable being that the 
selectivity of the electrode towards the presence of interfering ions can only 
be achieved by using elaborate ionophores such as valinomycin which, with 
time, can leach out of the membrane. Furthermore, ion-selective electrodes 
and ion-selective field-effect transistors (ISFET) have a logarithmic response 
of at most 60mV and 30mV per decade of concentration of monovalent and 
divalent ions respectively. Therefore electrical noise of only a few millivolts 
can hinder their accuracy. 
The development of electrochemistry at the ITIES has opened up new routes 
for the amperometric monitoring of ion concentrations. Indeed, ion transfer 
reactions of the aqueous phase analyte to the oil phase are very fast and 
diffusion controlled. Consequently, all the electroanalytical methodology 
developed for solid electrodes can be directly applied. The main advantages 
of amperometric sensors over their potentiometric analogues are as follows: 
(a) the selectivity is achieved by controlling the potential difference across 
the ITIES. Since each ion can be placed on a scale of standard ion transfer 
potentials, which is equivalent to the redox potential scale for electron 
transfer reactions, it is possible to selectively detect individual species in a 
mixture of ions. 
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the diffusion current is proportional to the concentration over a wide 
dynamic range from nanomolar to molar concentrations. 
the measurement does not rely on the establishment of an equilibrium, 
and more importantly is not primarily reliant on the stability of the reference 
electrode. 
The present study is aimed at showing that ion and facilitated ion transfer 
currents can be accurately used in the amperometric detection of ionic 
species in solution. Specifically, detection of the ammonium ion produced in 
the hydrolytic decomposition of urea by urease and creatiriine by creatinine 
deiminase. 
3.2 Determination of urea 
Prior to the introduction of biosensors the standard methods used for the 
detection of urea were: 
3.2.1 The Berthelot reaction 
The Berthelot reaction [101] was first proposed as a method for determining 
the amount of ammonia liberated from urea by urease in 1859. However, it 
was not until 1962 [102] that the reaction was incorporated into a 
satisfactorily stable method for serum urea. 
Serum urea was determined by a two step procedure. 
(1) Urease hydrolyses urea specifically to form two moles of ammonia and 
one mole of carbon dioxide per mole of urea. 
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(2) The ammonia is then reacted with phenol, a catalyst and an alkaline 
solution of sodium hypochiorite to form an intensely blue dye, indophenol. 
It is the indophenol produced which is detected colorimetrically. 
However, this method often gives falsely high ammonia concentrations due 
to the presence of ammonia in any of the reagents or in the atmosphere. 
3.2.2 Glutamate dehydrogenase coupled system 
Urea + H20 wase > 2NH3 + co, 
2,2 - Oxoglutarate + 2NADH + 2NH GWH L—glutamate + 2NAD + 2H 20 
In the presence of a large excess of 2,2-oxoglutarate, the ammonia arising 
from the hydrolysis of urea is stoichiometrically consumed by the glutamate 
dehydrogenase (GLDH) reaction. Thus, the decrease in the NADH 
concentration, measured by the change in absorbance at 339nm, is 
proportional to the amount of urea. 
This method of analysis can be designed either as an end-point or as a kinetic 
assay. Both versions allow the quantitative analysis of urea in serum or urine 
samples without deproteinisation or any other pretreatment. However, 
equipment and reagents can be costly and analysis time long. Although at 
the moment no international standard exists, the end point version of the 
urease/glutamate dehydrogenase method is widely regarded as the 
reference method for urea analysis. 
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3.2.3 Urea enzyme electrodes 
Due to the many advantages offered by biosensors, many investigators have 
attempted to develop practical biosensing probes for urea. Some examples 
are described below. 
The first urea biosensor was prepared by Guilbault et al [103], by 
immobilising urease in a polyacrylamide matrix on a nylon net. These nets 
were then placed onto a conventional ammonium ion selective electrode 
operating in a potentiometric mode. Several other publications by the same 
group catalogue the further development of this sensor [104,105]. An 
improved sensor was reported using the same cation selective electrode, this 
time covered with a cellophane membrane. This sensor could be used for 21 
days with no loss of activity and urea concentrations as low as 10M could 
be detected. Unfortunately, the selectivity of the ammonium ion selective 
electrode (Beckman Glass 39137) did not permit the use of these electrodes in 
biological fluids unless an ion exchanger was used to remove the interfering 
sodium and potassium ions [106]. 
In attempts to improve the selectivity of the urea determination, Guilbault et 
a! [107] used a rubber based nonactin ammonium ion selective electrode as 
the base sensor, together with immobilised urease in a polyacrylic gel. Using 
this sensor structure it was possible to measure urea concentrations in 
clinical and artificial blood serum samples. 
Anfalt et a! [108] polymerised urease directly onto the surface of the gas 
permeable membrane, of an Orion ammonia electrode. The enzyme was 
covalently attached by means of glutaraldehyde. Sufficient ammonia was 
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produced in the enzyme reaction layer, even at pH values as low as 7, to 
allow the direct assay of urea in the presence of large concentrations of 
sodium and potassium. 
Another possible approach to the determination of urea is to use a urease 
covered carbon dioxide sensor to measure the second product of the 
urea/urease reaction, HCO 3 . Guilbault and Shu [109] showed that sodium 
and potassium had no influence on this electrode. Guilbault and Mascini 
[110] described a highly specific and reproducible enzyme electrode for urea 
using urease chemically bound to a new improved teflon gas permeable 
membrane, which constitutes an integral part of an ammonia gas electrode. 
Flow injection analysis has also been used in the assay of urea in undiluted 
whole blood samples. Petersson [111] reported a linear measuring range of 1 
to 40mM urea quantified by means of an ammonium ion selective electrode, 
covered with a membrane with covalently immobilised urease. Mikkelsen 
and Rechnitz [112] investigated conductimetric transducers for use in 
enzymatic urea biosensors. Detection limits of 10 6M urea were observed 
with urease covalently immobilised on a collagen membrane. 
Simon et al [113] reported a urea sensor based on an ammonium ion 
sensitive field effect transistor. The lower detection limit was strongly 
affected by concentrations of interferents such as sodium or potassium. Even 
so, the dynamic range of the sensor was found to cover the physiological 
range of urea in blood. 
Campanella et a! [114,115] have conducted several investigations into urea 
biosensing. Urea determination has been achieved using an electrode 
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sensitive to the ammonium ion, with a PVC based membrane containing 
bis(2-ethylhexyl) sebacate as a plasticising agent, and nonactin as the 
ionophore. A cellulose triacetate membrane containing urease was later used 
and superimposed onto the membrane of a commercially available ammonia 
gas sensor. 
Examples of amperometric urea sensors also exist in the literature. Suzuki et 
al [116] described an amperometric urea electrode which consisted of a 
combination of a urease membrane with nitrifying bacteria which metabolise 
the formed ammonia and consume oxygen. The oxygen consumption was 
measured with a Clark type electrode. Also, as previously mentioned, the 
amperometric urea electrode developed by Senda et al [62] was based on a 
correlation between the measured facilitated ion transfer current and the 
urea concentration. A new approach to this sensing mechanism is developed 
in Chapter 6. 
3.3 The importance of urea determination 
3.3.1 Protein metabolism 
Proteins are the most abundant organic molecules in cells. They are found in 
every part of every cell, since they are fundamental in all aspects of cell 
structure and function. The most important functions of proteins are growth 
and repair, and what is not used for this purpose is used as fuel to supply 
energy. Protein alone, among the foodstuffs, contains the amino acids 
essential for the construction of new tissue [117]. 
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After being absorbed in the intestinal tract, nutrients such as amino acids 
pass directly to the liver, the major center for the distribution of nutrients in 
the metabolism of mammals. The liver processes and distributes the 
incoming nutrients and maintains their concentrations in the systemic blood. 
It also has excretory functions. 
The amino acids entering the liver following absorption from the intestinal 
tract have several metabolic routes. When these amino acids are in excess, 
they are deaminated and degraded to yield various intermediates. During 
this process, the amino groups of the amino acids are converted into urea via 
a process known as the urea cycle. This cycle accepts one carbon atom in the 
form of bicarbonate (or carbon dioxide) and two nitrogen atoms, one from an 
ammonium ion and the other from aspartate, and in a five step cycle, 
generates urea and fumarate. The net reaction of the urea cycle is shown 
below. 
	
O2 	 H C0. 'I 
H3N — CH urea 	0 	C I 	cycle II II 	 + 
NH4+Hco3 + 	H2N-C-NH2 + c + 2H20 +H 
CO2 	 02C H 
aspartate 	urea 	fumarate 
The liver is the only mammalian organ capable of urea synthesis. The human 
liver manufactures some 20 to 30g of urea per day. When the liver is 
damaged, free NHI ions are formed instead of urea. Free ammonia is 
exceedingly toxic to the brain. From the liver, urea which is a neutral non-
toxic compound, is then transported via the blood to the kidneys and 
excreted in urine. Genetic defects of each of the various enzymes of the urea 
cycle have been observed in man. Such patients are intolerant to ingestion, 
show mental deficiency, have retarded development of the nervous system 
and excessive amounts of free ammonia in the blood. Therefore, the accurate 
determination of urea in the blood plasma and urine is extremely important 
in medicine since it can yield an insight into the nature of metabolic 
disturbances and the effectiveness of therapeutic measures. 
3.3.2 Urea Reference ranges 
The average concentration of urea in blood and urine is around 5mM and 
350mM respectively. The blood urea concentration rises in an average 
human being if there is an increased protein content in their diet. There is 
also an increase with age. Concentrations are lower in a growing infant than 
in adults and during a normal pregnancy the mothers blood urea 
concentration is low. There is also a large concentration increase during 
extreme fevers and in relation to kidney disease, urinary obstruction and 
hypotension. 
3.4 Enzymes 
Probably the most important part of a biosensor is the enzyme itself, which 
ultimately produces or consumes the species that is sensed. Enzymes 
represent the largest group of proteins and are special biochemical catalysts 
synthesised by all living organisms. They accelerate the magnitude of 
metabolic reactions at ordinary temperatures with remarkable specificity and 
speed. As catalysts, enzymes affect the rate at which equilibrium is reached 
yet themselves undergo no permanent change [118]. 
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In enzyme catalysed reactions, reactants are referred to as substrates (S). In 
the first and critical step in all enzyme catalysis, enzyme and substrate 
combine to form an activated complex, called an enzyme substrate (ES) 
complex. This complex then undergoes a chemical change to form an 
enzyme-product complex from which one product or more dissociate and 




Each type of enzyme molecule contains an active site, to which its specific 
substrate is bound during the catalytic cycle. This active site has been shown 
to be a portion of the enzyme surface with a unique arrangement of amino 
acid side chains. The substrate molecule and the active site fit together like a 
so-called 'lock and key' and this site should have two distinct structural 
features: 
The substrate must have a susceptible chemical bond that can be attacked 
by the enzyme. 
It usually has some other structural feature required for its binding to the 
enzyme active site, presumably to position the substrate molecule in the 
proper geometrical relationship, so that the susceptible bond can be attacked. 
Other factors which affect the rate of an enzyme catalysed reaction include 
the concentration of the enzyme, concentration of the substrate, pH, 
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temperature and the presence of enzyme inhibitors. Therefore, it is critical to 
control and regulate all of the above when conducting enzymatic studies. 
3.4.1 Urease 
In 1926, James Sumner [119] isolated the first enzyme in a pure crystalline 
form. This enzyme was urease, or urea amidohydrolase, and is derived in 
large quantities from ground meal of the jack bean plant. Although formerly 
believed specific in its activity only towards urea, recent studies have shown 
that hydroxyurea and dihydroxyurea are also hydrolysed by urease. The 
extraordinary catalytic efficiency of urease has been shown quantitatively for 
the urea/urease hydrolysis reaction [117]. The apparent first order rate 
constant of this reaction in water in the absence of enzyme is 3x10 10s at pH 
8.0 and 200C. In contrast, the first order rate constant of the breakdown of the 
urea/urease complex to yield the products is 3x10 4s under the same 
conditions. Thus the enzyme accelerates the uncatalysed reaction some 10 14 
fold. 
For many years urease was believed to be a pure polypeptide, but nearly 50 
years later (1975) it was shown to contain tightly bound nickel, which is 
essential to activity [120]. There is little doubt that the urea molecule 
becomes bound to the nickel at one or more crucial stages during hydrolysis, 
but the details are a matter of speculation. Urease itself is a rather large 
entity (MW = 590000±30000), consisting of six identical subunits, each 
containing two nickel atoms. 
The actual reaction mechanism of the hydrolytic urea decomposition has 
been the subject of much study over the years. Jesperson [121] showed that 
the classical products of bicarbonate and ammonium ions were produced in 
phosphate and maleate buffers, whereas in citrate and tris buffers 
ammonium carbamate was formed. The formation of ammonium carbamate 
as an intermediate has been advocated by many investigators [122,123]. It is 
now recognised that ammonium carbamate is the true product of the urease 
catalysed hydrolysis of urea, and the bicarbonate and ammonium ions are 
formed by non-enzymatic and buffer dependent decomposition of the 
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Creatinine is a nitrogen containing species of great clinical interest, because 
its concentrations in serum are an important indicator of the renal, muscular 
and thyroidal functions of humans. Creatinine occurs in muscle cells as the 
only intermediate product of the creatine metabolism. It is formed from 
creatine by a cyclisation reaction, forming a cyclic amide. Creatine is 
synthesised in the liver and pancreas from argirune, glycine and methionine. 
Clinically however, creatine has little diagnostic value. No variations of its 
concentrations are observed in kidney diseases, however diseases of the 
muscle can result in elevated levels in serum. 
The normal physiological level of creatimne in serum is in the micromolar 
range (40-160M), yet renal malfunctions may cause substantially elevated 
values. Renal disease results in a decreased capacity of the kidney to 
eliminate drugs, by a process known as glomular filtration. This can result in 
the accumulation of potentially toxic drugs and metabolites, which are 
dependent on the kidney for their elimination. Therefore, adjustments of 
drug dosage related to renal function must be made with the aim of 
achieving therapeutic blood levels, and minimising the risk of the 
accumulation of toxic levels of drugs. The most common approach to the 
adjustment of dosage regimes in renal failure is to make the dosage 
adjustments based on endogenous creatinine. This is the ratio of urea to 
creatinine which is normally about 15/1 to 24/1. In severe renal malfunction 
the ratio can be as low as 10/1. Creatinine determinations are increasing in 
popularity over urea, since the creatimne level is not adversely affected by a 
high protein diet, as is urea. 
3.5.1 Determination of creatinine 
In clinical analysis, creatinine is almost exclusively determined by means of a 
colour reaction known as the Jaffé reaction. In this test, picric acid reacts with 
creatinine in alkaline aqueous medium to give a red solution, the basicity of 
which determines the position of the absorption maximum in the visible 
spectrum. At pH 11-12, where the sensitivity for creatinine lies at its highest, 
the absorption maximum lies at 484nm. Unfortunately, the Jaffe reaction is 
not very selective and species such as glucose, ascorbic acid, acetic add and 
some drug molecules have been found to be interferents. 
The isolation of the enzyme creatinine iminohydrolase (creatirune deiminase 
EC 3.5.4.21) by Szulmajster [125] in 1958, allowed another approach to be 
used in the analysis of creatinine. This enzyme was found to catalyse the 
conversion of creatinine to N-methylhydantoin and ammonia as shown in 
Figure 3.6.1. It is the detection of the ammonia produced as a result of this 
enzyme catalysed reaction, which allows the assay of creatinine 
concentrations. The mode of sensing is generally by means of a commercially 
available ammonia gas electrode, and this device forms the basis of many 
creatinine biosensors which have been described in the literature. Some of 













Figure 3.6.1- Creatinine/Creatinine deiminase enzymatic decomposition 
The first biosensor for creatinine was reported by Thompson and Rechnitz 
[126] who used a commercially available membrane electrode for ammonia 
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with the enzyme creatinine deiminase. At this stage the development of this 
mode of analysis was limited by a poor supply of purified enzyme. 
Mascini and Palleschi [127] used immobilised creatimne deiminase on a 
nylon coil, in conjunction with a potentiometric ammonia probe. This device 
was used in a continuous flow apparatus for the determination of creatinine 
in blood plasma and urine. However, the endogenous ammonia content of 
blood was found to be a major interferent, using this method, as the 
ammonia content in samples was at least an order of magnitude greater than 
the creatiriine content. A subsequent publication by the same group [128] 
attempted to remove the effects of this endogenous ammonia in human 
blood and urine, by adding suitable amounts of NADPH and cx-
ketoglutarate to the sample. The sample stream was then passed through a 
two meter nylon tube with immobilised glutamate dehydrogenase (GIDH) 
on the inner wall. This process consumed the ammonia to produce 
glutamate which resulted in 98% of the ammonia being removed from the 
original sample in 50 seconds. 
Jeppesen and Hansen [129] described an enzymatic assay of creatinine, again 
exploiting the generation of ammonia by creatiriine deiminase. The ammonia 
produced was separated from the sample matrix by gas diffusion into an 
acceptor stream containing a pH sensitive indicator. The creatinine content 
was quantified by monitoring the resultant colour change of the indicator, by 
means of reflectance measurements via optical fibers. 
A new type of biosensor for creatinine, based on the coupling of an enzyme 
to an ion selective membrane containing a conducting polymer, was 
reported by Battilotti et al [130]. The ammonium ion produced by the 
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enzymatic reaction was transported by an ionophore (nonactin) in the 
membrane into an FET gate and the resultant current flow was measured as 
a function of the concentration. Problems with enzyme denaturation were 
encountered due to the presence of iodine, present as a dopant in the ion 
selective membrane. 
An alternative method for the determination of creatinine in blood serum 
was presented by Nguyen et a! [131]. Their approach was to co-immobilise 
the enzymes creatinine amidohydrolase, creatine amidinohydrolase and 
sarcosine oxidase to the surface of the polypropylene membrane of a Clark 
type electrode responsive to oxygen. The immobilised enzymes catalysed the 
decomposition of creatinine, with the consumption of oxygen, and thus 
allow the measurement of creatinine. 
A recent publication by Matuszewski et al [132] presented a novel split flow 
injection system for the determination of creatinine in urine samples. The 
system was based on the use of a microreactor with immobilised creatinine 
deiminase, and the downstream potentiometric detection of ammonium ions 
using a nonactin based membrane electrode. Alkali metal ions were added to 
the carrier solution, which allowed for simple correction of endogenous 
ammonia and alkali metal ion levels. 
As can be seen there exists a wide range of approaches that have been 
applied to the detection of creatinine. One major obstacle to accurate analysis 
is that current enzyme immobilisation techniques seldom provide 
sufficiently stable enzyme activity. This factor of the biosensor design thus 
needs much attention before a practical creatinine sensor can be realised. 
Chapter Four 
Detection of the ammonium ion by facilitated ion transfer 
The first stage towards the development of a biosensor which utilises the 
ITIES as a transducer was to investigate the ion transfer reaction which 
represents the sensing mechanism. The principal detectable analyte of 
interest was urea, which undergoes enzymatic hydrolysis by urease to 
produce the ammonium ion. The detection of this ion was investigated by 
facilitated ion transfer, using various ionophores, at the water / 1,2-DCE 
interface. 
In the study of ion transfer reactions at the ITIES, it is important to have a 
knowledge of the standard Gibbs transfer energies of the ionic species which 
constitute the system. A value for this quantity can be obtained using the 
electrochemical measurement of the half wave potential of the transferring 
ion. The ability to measure this quantity however, depends on the 
transferring ion having a Gibbs transfer energy lower in magnitude than that 
of the ions of the two supporting electrolytes in the adjacent immiscible 
phases. Very often the ion of interest is itself a potential window limiting 
species, which then makes experimental measurement of the half wave 
potential very difficult indeed. When studying the ion transfer of the 
ammonium ion at the large ITIES, as in CELL 4.1, a typical voltammogram of 
the type shown in Figure 4.1.1 was obtained. Clearly there is no transfer 
IM 
wave within the potential window and the transfer of the ammonium ion 
was found to limit the window at positive potentials. 
CELL 4.! 
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Figure 4.1.1 - Cyclic voltammogram as in CELL 41 Scan rate = lOOm Vs 1 
Recently Shao et al [90] presented a method to determine the half wave 
potential of the species limiting the potential window using cyclic 
voltammetry, which utilised information contained on both the forward and 
reverse scans. They showed that it was possible to perform an integration of 
the differential equation for cyclic voltammetry, where the reverse potential 
was set prior to the peak potential. A working curve stemming from these 
integrations allowed the determination of the half wave potential of the 
species limiting the window. This technique was successfully applied to the 
measurement of the Gibbs energy of transfer of some alkali metal ions, 
TBA, TPW and TpM across the water/1,2-DCE interface. 
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CELL 4.11 








Figure 4.1.2 - Cyclic voltammogram, as in CELL 4.11, used for determination of the 
half wave potential of the ammonium ion. Scan rates = 10, 30, 50, 80 and l0OmnVs 1 . 
Figure 4.1.2, as described by CELL 4.11, shows a typical cyclic voltammogram 
obtained using the developed methodology. The forward scan has been 
carried on past the end of the potential window resulting in sharp peaks 
following the return peak, associated with the return under diffusion control 
of the NH4 to the aqueous phase. These sharp peaks stem from the 
desorption of the interfacial ion-pair NH4TPBC1. The potential of this return 
peak was observed to shift with increasing scan rate, which was attributed to 
the presence of some uncompensated resistance in the system and the fact 
that capacitive currents are not negligible at the edge of the potential 
window. Using this reverse peak, a value needed for the working curve was 
obtained by extrapolation to zero scan rate where effectively any 
contributions from the factors mentioned above should be zero. 
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Using this methodology it was possible to calculate the Gibbs energy of 
transfer (AG,""), and the half wave potential (4'Ø 112 ), of the ammonium 
cation. A value for A7. 	was obtained which was referenced against the 
112 transfer of the tetramethylammomum (TMA) cation (A + = 390mV). 
Thus, if we assume Walden's rule (see equation 2.7.4) applies for the 
transfers of NH and TMA, it was then possible to calculate a value for the 
formal transfer potential (AØ + ) of the ammonium ion, using the 
relationship in 4.1.1. 
- AWA1I2 	- AWA % 0 	 AWAO JVH4
- (4.1.1) 
Using a value of 160mV for AWO 	[133], the formal potential of the 0.Ø  7I,f4+ 
ammonium ion calculates to 533mV. Using this value in equation 2.1.6 yields 
a value of 51.4 kJmoi 1 for the formal Gibbs transfer energy. This value is 
consistent with those reported for the alkali metal cations by Shao et al [90] 
and Samec et al [134]. Also, the similarity in size of potassium and 
ammonium ions would suggest that their Gibbs transfer energies should be 
very similar. A reported value of 51.9 kJmol 1 [90] for the potassium ion 
therefore adds strength to the validity of these measurements. 
1T1JiF 
The fact that the ammonium ion constitutes a potential window limiting 
species necessitates the introduction of a complexing agent into the 
liquid/liquid system to allow detection. This complexing agent serves the 
purpose of lowering the apparent Gibbs energy of transfer of the ammonium 
ion and allows its transfer to be studied within the potential window. The 
72 
transfer of the ammonium ion facilitated by the ionophores Dibenzo-18-
crown-6, Nonactin, Valinomycin, Monensin sodium salt, Benzo-15-crown-5 
and Triton-X-100, was studied. All experiments were conducted at the large 
ITIES, where the ammonium salt concentrations were in excess with respect 
to that of the ionophore. Ammonium ionhionophore association constants 
were calculated for the systems involving Dibenzo-18-crown-6, Nonactin 
and Valinomycin using methodology developed by Matsuda et a! [54]. All 
voltammograms presented in the form of scan rate dependences in this 
chapter were recorded at 10, 30, 50, 80 and 1OOmVs 1 , producing waves of 
successively greater peak current in this order. 
4.2.1 lonophores 
lonophores were first recognised through their effect of stimulating energy 
linked transport in mitochondria [135]. This not only provided a valuable 
tool for studies on the link between metabolism and transport, but also 
prompted extensive in vitro studies to provide an insight into the molecular 
basis of ionophore action. lonophores are molecules of moderate molecular 
weight (about 200 - 2000), that form lipid soluble complexes with polar 
cations, of which K, NaCa2+and  biogenic amines are the most biologically 
significant. While the first recognised ionophores were metabolites of 
microorganisms, several synthetic compounds were later discovered to have 
equivalent molecular properties. 
In general, ionophores may be regarded as molecules with diverse structural 
backbones that contain strategically spaced oxygen atoms. The backbone is 
capable of assuming critical conformations that focus these oxygens about a 
ring or cavity in space, into which a complexible cation may fit more or less 
snugly. The liganding oxygens are of various functional groups, such as 
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ether, alcohol, carboxyl and amide. The neutral oxygens ligand to cations via 
ion-dipole interaction. In a sense, the ionophore acts as a solvator for cations, 
displacing, more or less completely, the solvation shell of the bulk solvent. 
The polar groups of the ionophore complexes orient towards the interior, the 
exterior consisting of the various hydrocarbon groupings. 
4.2.2 Crown Ethers 
In 1967 a paper describing the syntheses of thirty-three cyclic polyethers was 
published by Pederson [136]. The first ligand to be prepared is shown in 
Figure 4.2.1(A). Due to the appearance of its molecular model (4.2.1(B)) and 
its ability to 'crown' a metal ion, this and other members of the series were 
referred to as crown compounds. The ligand shown in Figure 4.2.1 is termed 
Dibenzo-18-crown-6 (DB18C6). In this system of nomenclature, 18 represents 
the number of ring atoms, 6 the number of oxygens available for complexing, 
and crown pertains to the pattern that the complexing oxygens assume in the 
interior of the resulting molecule. 
A typical property of this type of compound is their ability to form stable 
complexes with alkali and alkaline earth metals. Their introduction thus 
allowed the study of complexation reactions with ions which play important 
roles in biological systems such as Na, K, Mgand Ca 2t A very important 
quantity, which plays a large part in the complexation properties of the 
ionophore, is the ratio of the radius of the cation to that of the cavity. For 
small ring crowns, enhanced binding tends to occur when the ionic radius of 
the cation matches the cavity size of the crown in a flat conformation. This 
generally results in complexes of a 1:1 stoichiometry [137]. As the cavity size 
of the crown ether increases for a given size of M, 1:1 complexes are still 
obtained, but the ligand tends to be folded around the cation. Also when the 
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size of M exceeds the cavity size of the crown ether, 1:2 or 2:3 (metal 




Figure 4.2.1 - (A) Planar structure of Dibenzo-18-crown-6 and (B) the crown like 
structure adopted on corn plexation with a cationic species. 
Primary ammonium cations are known to form stable complexes with crown 
ethers [136]. The complexation of species of this nature differs in many 
aspects from complexation with metal cations. Whereas complexes with 
metal cations derive their binding energy mainly from electrostatic forces, 
complexes with ammonium ions are likely to be stabilised by hydrogen 
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bonding. The relative contributions of hydrogen bonding (N - H -* 0) 
and electrostatic interactions (N+ -* 0) have been estimated to be 75% and 
25%, respectively [194]. 
4.2.3 Facilitated ammonium ion transfer by Dibenzo-18-crown-6 
CELL 4111 was used in the study of the facilitated ammonium ion transfer by 
the synthetic crown ether Dibenzo-18-crown-6. This system and all other 
facilitated ion transfer reactions described in this chapter were studied at the 
large ITIES using the cell of Figure 2.8.1 and its associated methodology. 
CELL 4.111 
Ag I AgCI / 10mM TBAC1 "0.5mM DB18C6
10mM TBATPBCI I IxmM NH 4C1 / AgC1 I Ag 
x= 1, 10, 100 and 1000 
A typical cyclic voltammogram for this system is shown in Figure 4.2.2 for x 
= 100. The transfer wave corresponds to a Transfer by Interfacial 
Complexation (TIC) of the ammonium ion by the crown ether [53]. The 
transfer wave has a 60mV peak to peak separation and a peak current 
proportional to the square root of the scan rate (Figure 4.2.2b). These factors 
are indicative of a reversible charge transfer reaction, which is diffusion 
controlled, possessing a 1:1 reaction stoichiometry. The diffusion coefficient 
of the crown ether in 1,2-DCE was calculated to be 4.8 x 10cm 2sec 1 (250C). 
This value is consistent with the value reported by Freiser et a! [52] of 
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Figure 4.2.2 - (a) Cyclic voltammogram of CELL 4.111 with (b) plot of peak current 
versus the square root of the scan rate. 
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An important experimental quantity which can be calculated from facilitated 
ion transfer voltammograms of this nature is the association constant K a, 
generally expressed in the form logK °. This quantity can be calculated 
using the methodology set out in 2.7.3. However, a recent publication by 
Matsuda et a! [54] simply and effectively allows calculation of this 
experimental quantity. 
Matsuda published general theoretical equations for reversible 
polarographic current-potential curves, for ion transfer facilitated by a 
neutral ionophore distributed between two phases. Let us consider the case 
where COflC.MEJ )) COflC.UGJ,D , then: 




where (d)L  denotes the limiting diffusion current controlled by the diffusion 
of the ionophore in the oil phase and the facilitated ion transfer current is 
given by i, with 
RT (1+Kfl+ p C 
+—lnl 
zF 	zF 	KDI3'cM 	
(4.2.2) 
where 4 = (D I D), the diffusion coefficient of the aqueous phase species is 
equal to D and that of the organic phase is equal to D0 . KD  is the partition 
coefficient of the ionophore between the two phases i.e. (c I cZ)  and J3 is the 
ion/ionophore association constant in the defined phase. Matsuda then 
defined the concentration dependence of the half wave potential into three 
distinct regions. If (1+ 4KD ) ~t 20/3'cM , then the half wave potential varies by 
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60/z mV per decade of metal ion concentration in the aqueous phase (Case 
1). This inequality is often verified for what we defined earlier as a TIC 
mechanism. If 20(1+ 4KD ) :5 IiCM , then the half wave potential is 
independant of c, and the plot of A" 2 vs logc gives a horizontal line 
(Case 2). There is also a third case which is intermediate to the above two 
cases. For this type of system we have (1+ KD ) IiCM . 
In order to analyse the concentration dependence of the half wave potential 
precisely, Matsuda defined another function, FA, such that: 
= exp(-)(AØh12 - A) = 
( itI30 
) 
+ {}(_L) 	(4.2.3) 
0 CM 
Plots of the function FA vs (1/ cm)  yield a straight line of which the slope and 
the intercept are 
{(1)} 
 and 	respectively. Hence, if the value 
of KD is known, we can determine the values of the complex formation 
constants, in both the water and oil phases, from the slope and the intercept 
respectively. In practice however, it frequently occurs that the A0 12 vs 
logc plot belongs to Case 1 mentioned above (slope of 60mV/z per decade 
of concentration) and the FA vs (1 / CM) plot passes through the origin within 
experimental errors. In such a case it is only possible to calculate the complex 
formation constant in the oil phase from the slope. For the case of the second 
inequality mentioned where the FA vs (1/ cm)  plot yields a horizontal line, 
then only the ratio (J3" / 13') can be determined from the intercept. 
Figure 4.2.3 shows the concentration dependence of the half wave potential 
for the NH4 /DB18C6 transfer, according to CELL 4111, using data from 
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Table 4.1. The E112 values on the y-axis are expressed in accordance with the 
'TATB' assumption in the form E"2 
= 	i1iexper) - [S. (exper) - OøThM] 
where 	= 160mV. This graph yields a straight line with a reciprocal 
slope of 61±2mV/decade concentration of ammonium ions. This again 
confirms that the NH4 4 /DB18C6 facilitated ion transfer reaction is reversible 
and diffusion controlled and that the system belongs to Case 1 as defined 
earlier. Values for FA  were calculated, using equation 4.2.3, and were plotted 
against 1/ c. This plot (see Figure 4.2.4) gave a straight line with a slope of 
2.72 x iO mol 1dm3 and an intercept of zero within experimental error. 
Using this value in equation 4.2.3, it was then possible to calculate the 
association constant of the NH4 47DB18C6 complexation in the oil phase. 
This calculation, however, necessitates the knowledge of values for the 
quantities 4 and KD.  4 can be approximated to 1.25 on the basis of Walden's 
rule (equation 2.7.4). KD, however, is a much more important quantity, 
representing the ratio of the maximum solubility of the DB18C6 in the 
adjacent phases. The solubility of the crown ether in water was given as 
0.00009M by Kolthoff [137], however a literature value for the corresponding 
solubility in 1,2-DCE was unable to be found. This parameter was thus 
determined experimentally by first saturating a solution of 1,2-DCE with the 
crown ether. This solution was left to settle overnight and then filtered. The 
collected sample was then evaporated to dryness under vacuum and the 
resulting precipitate was weighed. This procedure was carried out in 
triplicate. A mean saturation concentration of 0.083M was obtained using 
this procedure. This yielded a KD value of 922. Using this value in equation 
4.2.3 along with the value for 4 results in a value of 8.6 for log 
Efl 
The calculated association constant is consistent with values reported by 
Sabela et al [139] and Campbell [140], who report values for the alkali metal 
cations of K 9.9(10.4) Na 9.8(10.4)) Rb 8.3(8.9)) Li 6.7(6.86) Cs' (6.9). 
The values from reference [140] are given in parentheses. With regard to 
cavity size considerations, DB18C6 possesses a cavity of 2.9±03A [138] in 
diameter. Potassium, having an ionic diameter of 2.66A, would therefore be 
expected to be highly selective towards this crown ether. The ammonium 
cation, with an ionic diameter of 2.86A, would also be expected to have a 
favourable selectivity towards DB18C6 which is confirmed in the calculated 
value of 8.6 for log
'3NH• 
0.25 
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Figure 4.2.3 - Half wave potential of the NH4'JDB18C6 complexes in the 
dependence of log c NH4+ as in CELL 4.111. 
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CNH+ E '1/2 + vs TMA 1/ FA 
log c 	
+ 
mol dm-3 V mor1dm3 x 10 
0.001 0.205 1000 2703 -3 
0.01 0.140 100 213 -2 
0.1 0.080 10 20.4 -1 
1 0.020 1 2.0 0 
Table 4.1 - Half wave potentials ( Evs TMA), 1/ CNJ,.+F FA and log c,,+ values 
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Figure 4.2.4 - A vs l/CN,+  plot for the NH4VDB18C6 system. 
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The fact that potassium and sodium have been shown to have similar 
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separation of these ions, in a facilitated ion transfer experiment, would be 
difficult. Nevertheless, as Figure 4.2.5 shows, separate facilitated ion transfer 
waves were observed for potassium, sodium and lithium in the study of 
CELL 4.IV. Before the experiment was performed, the system was left to 
equilibrate at 25°C for 30 minutes. 
CELL 4.IV 
10mM TBATPBC1 0.5mM NaCI 
Ag I AgCI / 10mM TBACI "2mM DB18C6 / I 0.5mM KC1 / AgCI / Ag' 
0.5mM LiC1 
Ely 
Figure 4.2.5 - Facilitated transfer of Potassium, Sodium and Lithium by DB18C6 as 
in CELL 4.IV. Scan rate = 10mVs 1 . 
The transfer order being K, Na and LI' moving to positive potentials. This 
separation was possible because the association constant, to a rough 
approximation, is effectively how far the transfer of the alkali metal cation is 
moved from its potential window limiting potential to a position within the 
polarisable range. For K and Na ions, with almost identical association 
constants, this potential shift would be expected to be very similar. Due to 
the hydrophilicity of NaCl, its use as the aqueous phase supporting 
electrolyte produces a potential window of around lOOmV larger in size than 
with the use of KC1. Thus this difference in window sizes would translate to 
their facilitated ion transfer waves being separated by a similar difference. 
Lithium, being least selective towards DB18C6, transfers closest to the 
positive end of the window. A similar experiment using identical 
concentrations of KC1 and NH 4C1 did not allow these two transfer processes 
to be resolved. This would have been of great use for samples of clinical 
interest where these two species exist at similar concentrations. In this case, 
the two processes were found to occur at similar potentials, and hence only 
one transfer wave was observed. 
4.2.5 Facilitated ammonium ion transfer by a DB18C6/NH 4 ' complex 
initially formed in the organic vhase 
Previous measurement of the facilitated ammonium ion transfer by DB18C6 
resulted in a transfer current which was limited by diffusion of the 
ionophore in the organic phase to the interface. This then allowed calculation 
of its diffusion coefficient in this phase. Another possibility was to study the 
transfer of the ion/ ionophore complex in the organic phase, as in CELL 4.V. 
CELL 4.V 
Ag! AgC1 / 10mM TBAClI05 DB18C6 
10mM TBATPBC1 / /10mM NH 4C1 I AgC1/ Ag' 
0.5mM NH4TPB 
NH4TPB was prepared as in 2.8.4. Dissolution of the crown ether and the 
NH4TPB in the 1,2-DCE resulted in complex formation in the organic phase. 
This complex was then transferred at the ITIES by a TID (Transfer by 
Interfacial Dissociation) mechanism (see Figure 4.2.6). This transfer process 
was diffusion controlled with a 60mV peak to peak separation. A linear 
relationship between the peak current and the square root of the scan rate 
existed, allowing calculation of the diffusion coefficient of the ion/ionophore 
complex in the organic phase. A knowledge of this parameter is necessary in 
order to calculate the ion/ionophore association constant using equation 
2.7.11. This value was calculated to be 5.3 x 10cm 2sec 1, which when used 
in equation 2.7.11, with data from Table 4.1, yielded an association constant 
of 8.9. This compares very favourably with the value of 8.6 obtained using 
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Figure 4.2.6 - Cyclic voltammogram of the NH4fDB18C6 complex transfer from oil 
to water as in CELL 4.V. 
4.3 Facilitated ammonium potassium and sodium ion transfer by 
Nonactin 
The group of homologous macrocyclic antibiotics which exhibit a high 
selectivity towards alkali metal cations, as well as membrane activity are the 
macrotetrolides (actins). They are composed of four hydroxy acid sub-units 
containing tetrahydrofuran rings, and these groups are linked by ester 
bonds, to give a ring consisting of 32 members. Nonactin (see Figure 4.3.1) 
was the first large ring ionophore whose conformation was determined. 
Simon et al [141] found that during complexation, the backbone convoluted 
into a pattern 'resembling the seam of a tennis ball'. In the K-Nonactin 
complex the solvation shell of the K ion is entirely replaced by the four 
oxygen atoms of the tetrahydrofuran ring and the four carbonyl oxygen 
atoms. These eight oxygen atoms are nearly equidistant from the central 
cation adopting a nearly cubic coordination sphere for the K ion. In this 
complex, all polar carbonyl groups also point inwards whereas, the nonpolar 
parts of the molecule are directed outwards, thus building up a hydrophobic 
exterior of the complex. 
CFJ3 
U 	(.J-1 
Figure 4.3.1 - Structure of Nonactin 
Nonactin has been shown to be influential in the regulation of metabolic 
behaviour, and is thought to act by selectively enhancing the transport of 
potassium ions through cell membranes. Proton magnetic resonance results 
for the K-Nonactin complex, compared to those of the free molecule, 
indicate that the nonactin ring is relatively flexible, and capable of binding 
ions within a reasonable range of ionic radii [142]. Nonactin has also been 
shown to have a high specificity for the ammonium ion and has been 
included as part of the sensing structure for many ammonia/ammonium ion 
probes reported in the literature [114, 115, 130, 143,144]. 
CELL 4.VI was set up to study the facilitated ammonium ion transfer by 
Nonactin. 
CELL 4.VI 
10mM LiC1 ,lOmM BTPPATPBC1 
Ag / AgCI '' 1pnM BTPPA Cl 0.5mM Nonactin 	/ /x,nM (NH 4 )2 504 / AgCI I Ag' 
X  = 0.5, 5, 10, 20 35, 50, 75, 100,200 and 500 
Figure 4.3.2(a) shows a typical cyclic voltammogram recorded using CELL 
4-VI, where x = 50. The facilitated ion transfer reaction has been referenced 
against the transfer of TMA (see Figure 4.3.2(b)). The use of BTPPATPBC1 
and (NH4 )2 SO4 as the respective organic and aqueous phase supporting 
electrolytes was necessary, due to the facilitated ion transfer reaction 
occurring very close to the negative end of the potential window. This 
system gave the largest potential range possible. The potential window was 
limited by ammonium cation transfer from water to oil, at positive 
potentials, and by sulfate anion transfer from water to oil, at negative 
potentials. The transfer wave possessed a 60mV peak to peak separation and 
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Figure 4.3.2 - Cyclic voltammogram of (a) ammonium facilitated ion transfer by 
Nonactin as in CELL 4.VI and (b) referenced against the transfer of TMA(Scan 
rate = 50mVs1). 
4.3.3). These factors are indicative of a reversible charge transfer reaction 
with a 1:1 stoichiometry. The diffusion coefficient of the nonactin in 1,2-DCE 
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Figure 4.3.3 - Plot of the peak current versus the square root of the scan rate for the 
NH4-Nonactin system as in CELL 4- VI- 
A concentration dependence study on the half wave potential was then 
carried out for the NH-Nonactin system, in order to calculate a value for 
the association constant. The experimental data, shown in Table 4.2, was 
again treated using the methodology of Matsuda et al [54]. Figure 4.3.4 
shows the concentration dependence of the half wave potential using data 
from this table. The plot yielded a straight line with a reciprocal slope of 
61±2mV/decade concentration of ammonium ions. This confirmed that the 
N1-I4-Nonactin facilitated transfer reaction belongs to Case 1 as defined by 
Matsuda. Values for FA were again calculated using equation 4.2.3 and 
plotted against 1 / CN,. This plot (see Figure 4.3.5) gave a straight line with a 




EVS TMA NH; 1/ c  FA 
log cN,f+ 
mol dm V moi 1dm3 x 1014  
0.0005 -0.105 2000 1476 -3.30 
0.005 -0.165 200 141 -2.30 
0.01 -0.190 100 53.2 -2 
0.02 -0.210 50 24.4 -1.7 
0.035 -0.220 28.6 16.5 -1.46 
0.05 -0.225 20 13.5 -1.3 
0.075 -0.245 13.3 6.2 -1.12 
0.1 -0.250 10 5.1 -1 
0.2 -0.275 5 1.9 -0.7 
0.5 -0.280 2 1.6 -0.3 
Table 4.2 - Half wave potentials ( E 1/2 + vs TMA), 1 / CNI,+l FA and log 	values 
4 	 4 	 4 
for the NH4/Nonactin facilitated ion transfer reaction as in CELL 4. VI 
-0.10 
• NH4 ,'Nonactin 
-0.15 
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Figure 4.3.4 - Half wave potential of the NH4 4YNonactin complexes in the 
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Figure 4.3.5 - FA vs 1 / CNM+  plots for the NH4 4iNonactin system (a)full range 
studied and (b) spread of points at high concentrations. 
Using this value in equation 4.2.3 it was possible to calculate the association 
constant for the N1-J7Nonactin complexation reaction in the oil phase. Due 
to the high expense of the nonactin, it was not possible to experimentally 
evaluate its KD between the water and 1,2-DCE phases. For the purpose of 
the calculation the ionophore was considered insoluble in the aqueous phase 
and 4 was approximated to 1.25, on the basis of Walden's rule. This resulted 
in a logI3° value of 14.1. 
L-NH 
The selectivity of Nonactin towards K and Na ions was then calculated, 
using the same method, to determine the selectivity sequence between the 
three ions. The composition of CELL 4.VI was again used with the respective 
sulfate salts of K and Na constituting the aqueous phase electrolytes. 
Figures 4.3.6 and 7 show the cyclic voltammograms for x =50, as in CELL 
4.VI, with the respective plots of half wave potential versus logc +F  for the 
two ions. In both cases, the waves had 60mV peak to peak separations and 
yielded straight lines when the peak current was plotted against the square 
root of the scan rate. The diffusion coefficients of Nonactin for the two 
facilitated ion transfer processes were calculated to be 1.9 x 10cm 2seC1 and 
1.4 x 10cm2seC1 for the K and Na-Nonactin systems respectively. The 
plots of the half wave potentials versus log yield reciprocal slopes of 
57±2mV and 71±2mV/decade of concentration of K and Na ions 
respectively. Table 4.3 shows the experimental data used in the calculation of 
the association constants (data for Na is given in parentheses). The plots of 
FA, for both ions (calculated using equation 4.2.3), versus 1  are shown 
in Figure 4.3.8. These plots gave straight lines passing through the origin, 
within experimental error, with slopes of 2.15 x 10-14  moldm3 and 
5.12 x 10-12  molT1dm3 for the K and Na systems respectively. The values of 
the formal potentials used in the calculation of FA  are given in [90]. Using the 
calculated gradients, in equation 4.2.3, it was then possible to evaluate the 
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Figure 4.3.6- (a) Cyclic voltammogram of potassium facilitated ion transfer by 
Nonactin with (b) the half wave potential of the K/Nonactin complexes in the 
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Figure 4.3.7- (a) Cyclic voltammogram of sodium facilitated ion transfer by 
Nonactin with (b) the half wave potential of the Na 4iNonactin complexes in the 
dependence of log CN+  as in CELL 4. VI. 
94 
CM+ E 	TMA 1 / CM+ FA log cM+ 
mol dm V mor1dm3 x 1014  (x1012) 
0.0005 -0.073 (0.110) 2000 4320 (10900) -3.30 
0.005 -0.130 	(0.02) 200 457 	(334) -2.30 
0.01 (-0.028) 100 (50.6) -2 
0.02 -0.16 50 141 -1.70 
0.05 -0.185 (-0.065) 20 53.2 	(11.7) -1.30 
0.1 (-0.083) 10 (5.9) -1 
0.2 -0.22 (-0.093) 5 13.6 	(4.0) -0.70 
0.5 1 -0.245 	(-0.1) j 2 1 5.1 	(2.8) -0.30 
Table 4.3 - Half wave potentials ( E JVS TMA), l/c, FA and log c+  values 
for the K and Na/Nonactin facilitated ion transfer reactions as in CELL 4.VI. 
phase. Making the same assumptions as with the ammonium/Nonactin 
system, the logj3 values were calculated to be 13.7 and 11.3, for the 
complexation of Nonactin with Kand Na+  ions respectively. These values 
indicate that Nonactin imparts a small degree of selectivity towards the 
ammonium ion compared with potassium and sodium. However, the 
magnitude of this selectivity between ammonium and potassium, which 
amounts to a difference in transfer potentials of between 30 to 40mV, was 
not sufficient to enable resolution of their respective facilitated transfer 
waves. No literature values were available for Nonactin association 
constants at the water/1,2-DCE interface, however, Homolka et al [45] 
reported a value of 7.3 for sodium facilitated ion transfer at the 
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4.4 Facilitated ammonium and potassium ion transfer by Valinomycin 
The antibiotic valinomycin is a macrocyclic depsipeptide exhibiting a three 
fold symmetry (see Figure 4.4.1). The three identical sub-units contain D-
valine, L-lactic acid, L-valine and D-a-hydroxyisovaleric acid [135]. It forms 
complexes with alkali metal ions, the stability of which show a pronounced 
dependence on ionic radius. This selectivity is emphasised in the antibiotic's 
ability to discriminate between K and Na to the extent of 10000:1. 
Complexes of valinomycin possess a very lipophilic outer envelope, and a 
hydrophilic interior, which enables univalent cations to be transported 
across membranes of cells and organelles [42]. 
jN 0 0 "0 
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Figure 4.4.1 - Structure of valinomycin 
In the K/valinomycin complex, the backbone of the molecule is folded into 
six loops which are held together by six intramolecular NH ...... 0= C 
hydrogen bonds. In this so-called 'bracelet-like' ring structure, all ester 
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carbonyl oxygens are oriented inward toward the center of the molecule, 
forming an almost perfect equidistant octahedral coordination sphere for the 
central K ion. 
The facilitated ammonium ion transfer by valinomycin was studied using 
CELL 4.Vll. 
CELL 4.VII 
10mM LiC1 10mM BTPPATPBCI Ag / AgC1 "1mM BTPPAC1 "0.5mM Valinomycin / IxmM NH 4 Cl / AgC1 / Ag' 
x= 1, 5, 10, 50 and 100 
Figure 4.4.2(a) shows a typical cyclic voltammogram for this system, for x = 
10. As with previous ionophores used in the study of facilitated ammonium 
ion transfer, the transfer wave again possessed a 60mV peak to peak 
separation and a peak current proportional to the square root of the scan 
rate. These factors are indicative of a reversible charge transfer reaction, 
diffusion controlled, with a 1:1 reaction stoichiometry. The diffusion 
coefficient of the valinomycin in the 1,2-DCE phase was calculated to be 2.9 x 
10cm2sec 1 . 
The concentration dependence of the half wave potential on this system 
yielded the graph of Figure 4.4.2(b), using data from Table 4.4. This graph 
shows the linear relationship obtained with a reciprocal slope of 
62±2mV/decade concentration of ammonium ions. This confirms that this 
system belongs to that of Case 1, as defined by Matsuda. Equation 4.2.3 was 
again used to calculate values for the function FA, which when plotted 
against l/CNJI+l  produced the linear relationship of Figure 4.4.3. The gradient 
of this plot was calculated to be 0.77 x 10-13  moi 1dm3 which gave an 



















log c 4 
Figure 4.4.2- Cyclic voltammogram of ammonium facilitated ion transfer by 
valinomycin (a) with the half wave potential of the NH41Valinomycin complexes in 









1013(x  1014) 
log CN,,.,. 
0.001 -0.063 (-0.160) 1000 777 	(156) -3 
0.005 -0.093 (-0.195) 200 241 	(39.9) -2.3 
0.01 -0.125 (-0.220) 100 67.5 	(15.1) -2 
0.05 -0.160 (-0.248) 20 17.2 	(4.7) -1.3 
0.1 -0.188 (-0.283) 10 5.8 	(1.5) -1 
Table 4.4 - Half wave potentials ( E + vs TMA), 1 / c,, 4., FA and logc 	values 
4 	 4 	 4 
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Figure 4.4.3 - FA vs 1 / CN! plot for the NH47Valinoinycin system. 
Considering the selectivity of valinomycin towards potassium, it is hardly 
surprising that the only publications using this ionophore to date, deal with 
potassium facilitated ion transfer reactions [41,145]. The former publication 
reports an association constant of 10.4 for the ionhionophore complex, at the 
water/ nitrobenzene interface. As this system has not been studied at the 
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water/1,2-DCE interface, the same experimental procedure as above was 
applied to the K/Valinomycin facilitated ion transfer reaction using the 
same composition as in CELL 4.Vll. KC1 was used as the aqueous phase 
supporting electrolyte. The half wave potential values versus TMA and the 
calculated values of FA  from equation 4.2.3 are given in parentheses in Table 
4.4. The plot of the K/Valinomycin half wave potential in the dependence 
of log c yielded a reciprocal slope of 58±2mV per decade concentration of 
potassium ions. The plot of FA  versus l/CK+  gave a gradient of 1.55 x 10 -15 
mol4dm3 which when used in equation 4.2.3 gave an association constant of 
14.8 for the KVValinomycin complex. This shows that Valinomycin is 
slightly more selective towards potassium ions than it is to ammonium ions. 
wtii,.i'1 
Monensin, a polyether antibiotic which was originally termed monensic acid, 
was first isolated in 1967 [146] (see Figure 4.5.1). The authors claimed it to be 
a potent inhibitor of alkali metal cation transport into rat liver mitochondria 
and to possess significant antibacterial activity. During complexation, the 
monensin assumes a characteristic cyclic conformation, concentrating all the 
oxygen functions at the center of the structure where they are available for 
the binding of a suitable cation [147]. The many branched alkyl groups are 
simultaneously being spread over the outer surface, rendering the complex 
lipid soluble. The cyclic conformation is held together by two very strong 
hydrogen bonds between the carboxyl group and the two alcohol groups of 





Figure 4.5.1 - Structure of the Monensin sodium salt 
Du et al [46] showed that, for sodium facilitated ion transfer by monensin, 
the pH of the aqueous phase greatly influenced the transfer process with the 
monensin existing either as the free acid or in the anionic form. In the 
present study, the pH of the aqueous phase was not controlled, therefore no 
quantitative data, such as association constants, were amenable for 
calculation. The cyclic voltammogram shown in Figure 4.5.2 was recorded 
using the system shown in CELL 4.Vffl. 
CELL 4.VHI 
Ag / AgC1 I 10mM TBAC1 " 10mM TBATPBCI 0.5mM Monen sin Na salt 100mM NH 40 I AgC1 / Ag' 
This voltammogram shows the usual characteristics of a reversible, diffusion 
controlled facilitated ion transfer reaction. The linear plot of the peak current 
versus the square root of the scan rate yielded a diffusion coefficient for the 
Monensin sodium salt in 1,2-DCE of 3.2 x 10cm 2sec 1 . However it was 
possible to conclude that the complexation was not very selective, as the 
facilitated ammonium ion transfer wave occured very close to the end of the 
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Figure 4.5.2 - Cyclic voltammogram offacilitated ammonium ion transfer by 
Monensin sodium salt. 
4.6 Facilitated ammonium ion transfer by Benzo-15-crown-5 
The facilitated ammonium ion transfer by the synthetic crown ether, Benzo-
15-crown-5 (B15C5), at the water/1,2-DCE interface was found to form a 
sandwich complex of a 1:2 (cation: ligand) stoichiometry. The structure of 
this ionophore is shown in Figure 4.6.1. CELL 4.IX was set up to study this 
transfer process. 
CELL 4.IX 
0.5mM B15C5 Ag I AgC1 /10mM TBACI "10mM TBATPBCl//!OmM NH 4C1 / AgCI I Ag' 
KIN 
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Figure 4.6.2 - Cyclic voltammogram ofthefacilitated ammonium ion transfer by 
Benzo-15-crown-5. 
As can be seen in Figure 4.6.2, the recorded cyclic voltammogram was of a 
reversible nature (exhibits a linear relationship between the peak current and 
the square root of the scan rate), however, the separation between the 
forward and reverse peaks was found to be approximately 88 mV. As 
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defined by Homolka et a! [96], this separation is indicative of a 1:2 (cation: 
ligand) reaction stoichiometry. This is consistent with studies by Pedersen 
[148] on the complexing properties of crown ethers, who reported that 
Benzo-15-crown-5 produced a 1:2 encapsulate with the ammonium ion as 
well as with other large ions such as potassium, rubidium and caesium. The 
same ionophore, on complexation with lithium, formed a 1:1 encapsulate. In 
line with cavity size considerations, the hole size in the Benzo-15-crown-5 
molecule being 2±0.2A, would be expected to more easily incorporate cations 
of a smaller ionic diameter (e.g. Lithium, 1.36A). Campbell [140] showed that 
Lithium did indeed exhibit a 1:1 reaction stoichiometry with B15C5 during 
its facilitated ion transfer reaction at the water/1,2-DCE interface. A 60mV 
peak to peak separation was observed with the diffusion coefficient of the 
ionophore in the 1,2-DCE phase calculated as 7.3 x 10 6cm2seC1. The value 
obtained in the present study was 3.4 x 10cm2seC1 . 
,( 	iis11 	f'Ei ,I'1 
Poly(oxyethylene)octylphenyl ethers (see Figure 4.7.1), commercially 
available as the TRITON X series of surfactants, are non-ionic, amphiphilic 
compounds. The oxygen atoms in the polyoxyethylene group of the Triton X 
attract the positive charge of certain metal ions, resulting in a metal-Triton X 
complex. This property of the surfactant molecule has been used in the 
solvent extraction of potassium [149] and lanthanum [150] and as an 
ionophore in a barium ion-selective electrode of the liquid membrane type 
[151]. Yoshida et a! [150] proposed that the formation of a 1:1 complex 
between the lanthanum and the Triton X resulted, regardless of the length of 
the oxyethylene chain. Levins [151] on the other hand, suggested that the 
ratio of the barium ion to Triton X in the complex increases with the increase 
of length, n, of the oxyethylene chain. 
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(CH3)3CCH2(CH3 )2 <DO(CH2CH20)nH 
Figure 4.7.1 - Structure of Triton X type surfactants 
In another publication, Yoshida et a! [152] reported the use of 
polyoxyethylene surfactants as ionophores to facilitate the transfer of alkali, 
alkaline earth and ammonium ions across the water! 1,2-DCE interface. The 
Triton X molecule was proposed to initially adsorb at the interface. The 
octyiphenyl group of the Triton X is hydrophobic, and thus would reside in 
the organic phase. The hydrophilic oxyethylene chain is water soluble, and it 
is this chain which complexes with the aqueous phase cation through 
hydrogen bonding. However, this study provided no definite conclusion as 
to the degree of complexation of the Triton X molecule with the cation of 
interest. Using CELL 4.X, cyclic voltammetry was used to investigate the 
facilitated ammonium ion transfer with Triton X-100 (n = 9.5 in Figure 4.7.1). 
CELL 4.X 
Ag / AgC1 /10mM TBACI " 10mM TBATPBC1  0.5 mM Triton X_lOO /110?flM NH 4C1 / AgCI / Ag' 
Figure 4.7.2 shows the cyclic voltammogram obtained using the above 
system. The plot of peak current versus the square root of the scan rate 
produced a straight line indicating that the facilitated ion transfer reaction 
was reversible and diffusion controlled. Yoshida et a! [152] reported that the 
limiting current was proportional to the concentration of the Triton X-100 in 
the 1,2-DCE phase, for ammonium facilitated transfer, when the ammonium 
ion concentration was in excess. Thus, it was feasible to conclude that the 
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limiting current was controlled by diffusion of the Triton X-100 to the 
interface. A value of 5.14 x 10 6cm2sec 1 was obtained for the diffusion 
coefficient of this species in the 1,2-DCE phase in the present study. 
However, more importantly, the peak to peak separation of this 
voltamrnogram was found to be exactly 87mV which suggests that, at least 
for the ammonium/Triton X-100 complex, the species transfers in a 1:2 






Figure 4.7.2 - Cyclic voltammetry of the facilitated ammonium ion transfer by 
Triton X-100 as in CELL 4.X. 
4.8 Conclusions 
The work presented in this chapter shows that it is possible to study the 
transfer of the ammonium ion at the liquid/liquid interface, if an 
appropriate ionophore is introduced to facilitate its transfer. The three main 
ionophores studied were the synthetic crown ether Dibenzo-18-crown-6 and 
the antibiotics Nonactin and Valinomycin. 
107 
The antibiotic Nonactin gave a well defined facilitated ion transfer wave at 
the water/1,2-dichloroethane interface. This ionophore proved to possess the 
most favourable complexing properties, of those studied, towards the 
ammonium ion with a calculated association constant of 14.1. This ionophore 
even showed a small degree of selectivity over potassium and sodium ions 
which had association constants of 13.7 and 11.3 respectively. Valinomydn 
and Dibenzo-18-crown-6 also gave well defined facilitated ammonium ion 
transfer responses, with calculated association constants of 13.1 and 8.6 
respectively. However, these ionophores were slightly more selective 
towards the potassium ion, with association constants of 14.8 and 9.9 for 
Valinomycin and DB18C6 respectively. The calculated association constants 
are summarised in the table below. Other ionophores, such as Monensin 
sodium salt, Benzo-15-crown-5 and Triton-X100 were also found to facilitate 
the transfer of the ammonium ion. The latter two transferring in a 1:2 (cation 
ligand) stoichiometry. 
IONOPHORE log P* log  L—K log$° L—Na 
DB18C6 8.6 9.9 (10.4) 9.8 (10.4) 
Nonactin 14.1 13.7 11.3 
Valinomycin 13.1 14.8 -- 
Values for DB18C6 with K and Na were taken from [139] and [140] 
respectively. 
In conclusion, the accurate detection of the ammonium ion at the 
liquid/liquid interface is only possible by effecting facilitated ion transfer 
reactions with suitable ionophores. Unfortunately, the ionophores studied 
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were equally selective towards the potassium ion, thus the separation of the 
transfer waves for these two species was not possible. This represents a 
major problem in the development of a biosensor for urea in whole blood 
samples where potassium and ammonium ion concentrations are of a similar 
magnitude. Also, for the detection of low concentrations of ammonium ions 
by facilitated ion transfer reactions it would be desirable to use an aqueous 
phase without any added supporting electrolyte. This would remove the 
possibility of competing facilitated ion transfer reactions of the supporting 
electrolyte interfering with the ammonium facilitated ion transfer reaction. 
Ion and facilitated ion transfer reactions in media with low concentrations of 
supporting electrolyte are studied in Chapter 5. 
Chapter Five 
Studies at the micro liquid I liquid interface supported in a 
single microhole membrane 
The study of the transfer of ionic species across the interface between two 
immiscible electrolyte solutions (MS) is often restricted by the choice of 
supporting electrolytes in both phases, which determines the polarisation 
range or 'potential window'. The potential window is then limited at 
positive potentials (water vs. oil) either by the transfer of aqueous cations to 
the organic phase, or that of organic anions to the aqueous phase. 
Conversely, at negative potentials, the window is limited by the transfer of 
aqueous anions to the organic phase or that of organic cations to the 
aqueous phase. 
As previously mentioned in 1.9, early studies at the ITIES were hindered by 
the fact that the potential window was limited by the choice of organic 
phase supporting electrolytes [7]. This yielded a maximum polarisation 
range of around 500 mV for studies at the water/nitrobenzene interface. The 
search to 'open' this window further has led to the introduction of larger, 
more hydrophobic anions and cations which have allowed this polarisation 
range to be extended to around 1 Volt in size. Recently, using micro 
liquid/liquid interfaces supported at the tip of micropipettes, Stewart et al 
[67,88] showed, that with such hydrophobic ions, the potential window was 
limited by the aqueous supporting electrolyte even when the latter was as 
hydrophilic as lithium sulphate. 
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In many areas of electrochemistry, the development of microelectrodes has 
allowed the studies of systems which were hitherto inaccessible. One 
example is highly resistive media, which have been investigated intensively 
in the past decade [89,153-158]. This is a particularly important development 
for electrochemistry at liquid/liquid interfaces, which suffers greatly from 
the low dielectric constant of the organic phase, resulting in the formation of 
ion-pairs due to the excess concentrations of supporting electrolytes present 
in the organic phase. Previously, Shao et al [159] have shown that using 
micro liquid/liquid interfaces it was possible to study the facilitated transfer 
of the sodium ion from aqueous sodium chloride to salt free 1,2-
dichioroethane containing only the neutral ionophore Dibenzo-18-crown-6 
(DB18C6). In this chapter novel results are presented using micro 
liquid/liquid interfaces supported in a small orifice drilled by laser 
photoablation in a thin polyester film [21], where the potential window 
obtained in the absence of added supporting electrolyte in the aqueous 
phase has been studied. Thus, it is now possible to use micro liquid/liquid 
interfaces to study ion transfer reactions in the absence of supporting 
electrolyte in either of the phases. The effect of a decrease in the organic 
phase supporting electrolyte, on the transfer of the tetramethylammonium 
(TMA) cation was studied. As in reference [159], the data was analysed 
using the methodology developed by Oldham [89]. Finally, the 
potassium/DB18C6 facilitated ion transfer reaction was studied, as in 
Chapter 4, by application of the theory developed by Matsuda et al [54]. 
The cell consisted of a circular microhole formed in a 12pm thick polyester 
film (Melinex, ICI Ltd., UK) sealed on a glass flange, as in Figure 2.8.3. The 
interface between water and 1,2-dichioroethane was supported within the 
microhole. All experiments were carried out at room temperature (20 ± 2°C). 
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5.1 Voltammetric studies in low concentrations of supporting electrolyte 
using single microhole interfaces 
Figure 5.1.1 shows the potential window obtained by cyclic voltammetry 
using the system according to CELL 5.1. 
CELL 5.! 
Agl4gCl1mM TBACI I1,nM  TBATPBCIII1OmM LiC4AgC1Ag' 
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Figure 5.1.1 - Potential window obtained with an aqueous phase of LiCl at a 20 pm 
single microhole according to CELL 51 (Scan rate =20 mVs 1). 
It is known that the processes limiting this potential window are lithium ion 
transfer from water to oil, at the positive end of the window, and 
tetrabutylammonium ion transfer from oil to water at the negative end of the 
window [67]. However, using CELL 5.11 with only water as the aqueous 
phase, Figure 5.1.2 gives a potential window of around 1 Volt in width. 
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Figure 5.1.2 - Potential window obtained using pure water as the aqueous phase 
electrolyte according to CELL 5.11. (Scan rate = 20 mVs 1) 
Of course, it was not wholly surprising that we obtained this result given 
that the water phase used is never completely ion free. This was confirmed 
by conductivity measurements yielding a value of 6.7 x 104 91 cm for the 
specific resistance after equilibration with the organic phase (Milli-Q Water 
= 18 MI cm). Ion partitioning, the natural proton concentration of pure 
water, and the limited solubility of AgC1 in water would all contribute to 
this measured value. 
When choosing BTPPA as the organic phase supporting electrolyte cation, 
the potential window increased to 1.3 Volts, and this clearly allows us to 
study the transfer of the TBA (at negative potentials) and TPW (at positive 
potentials) ions using CELL 51H (See Figure 5.1.3). 
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CELL 5.111 
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Figure 5.1.3 - Transfer of TBA and TPW at a 20 pm single microhole according to 
CELL 5111. (Scan rate = 20 mVs 1). 
From this figure, it was then possible to extract the ratio of the diffusion 
coefficients of these two ions using the ratio of the plateau currents of the 
transfer waves. The magnitude of these currents should also be directly 
proportional to the ionic size of the ions concerned. For this case, the ratio 
(TPB7TBA) of the diffusion coefficients is found to be 1.07±0.05. Assuming 
that the Stokes-Einstein equation applies in both cases (see equation 5.1.1), 
this gives reasonable agreement with the ratio of the ionic radii of these ions 
given separately by Kim [160] and Millero [161] which calculates to 1.1. 
D=kT/67rTa 	 (5.1.1) 
D is the diffusion coefficient, a is the hydrodynamic radius of the ion and Tj 
is the solvent viscosity. Using a similar approach as above, the transfer of the 
TPAs and TPW ions can be studied as in CELL 511/ (See Figure 5.1.4). 
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CELL 5.IV 
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Figure 5.1.4 - Transfer of TPAs and TPB at a 20 1wn single microhole according to 
CELL 5.1V. (Scan rate =20 mVs 1). 
In this case the ratio of the diffusion coefficients (TPB7TPAs) was found to 
be approximately 0.9±0.05. The ratio of the ionic radii of these ions was 
found to be 0.98 using data from [160]. This gives reasonable agreement with 
the experimental data, considering that the steady state current for 'the 
transfer of the TPAs cation was poorly resolved. Another possibility using 
the information contained in Figure 5.1.4 was to make predictions on the 
validity of the TATB assumption. It was attempted to measure an accurate 
value for the p.z.c of the system in CELL 5.IV using the streaming electrode 
technique [200]. This however proved difficult as problems with the stability 
of the system were encountered when using pure water as the aqueous 
phase electrolyte. Therefore, if we consider the midpoint between the two 
transfer waves as the p.z.c, then values for the AG' 0 of the two species can 
be calculated. The half wave potentials of the TPAs and TRW ions were 
155mV and 855mV respectively which gave a p.z.c of 505mV. Thus these 
transfer potentials were 350mV either side of this potential which when used 
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as the value for the standard transfer potential in equation 2.1.6 gave a value 
of -33.8 kJmoi 1 for the AG,*-"* of the two ions. This value is in excellent 
agreement with values of -35.2 kJmoi 1 and -32.5kJmol 1 reported by Samec 
et al [133] and Shao et a! [90] respectively. This approach confirms the 
validity of the TATB assumption, however until an accurate value for the 
p.z.c of the system can be obtained this can only be considered an estimation. 
Studies to elucidate the geometry of the interface supported at the tip of a 
micropipette have shown conflicting results as described in 2.7.4. Stewart et 
al [97] reported data for the micropipette interface showing a behaviour 
between that of a microhemisphere and a microdisc. However, to 
date, no formal investigation of the geometry of the interface supported in a 
single microhole has been made. Figure 5.1.5 shows, for CELL 5.V, the 
theoretical response expected for these two types of interface, calculated 
according to equations 2.7.12 and 13, using 9.0 x 10cm 2sec 1 as the value of 
D + (the diffusion coefficient of TMA obtained by experiment at a large 
mEs, using data from Figure 2.7.1). As can be seen, for the experimental 
data, there exists a linear relationship between the microhole radius and the 
steady state current for microhole radii of 19, 10 , 6.25 and 5.5 pm. This data 
also fits very closely the response expected at a solid inlaid microdisc 
electrode. These values are extremely accurate considering there is an 
inherent error of ± 1 pm in the laser drilling process which can introduce as 
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Microhole radius I pm 
Figure 5.1.5- Plot of the steady state current (Is) versus single microhole radius (r) 
according to CELL 5.V. (A) - theoretical response for a Microheinispherical 
electrode, (B) - Theoretical response for a Microdisc electrode. 
CELL 5.V 
Ag I AgC1 / 1mM TBAC1 / 1mM TBATPBCI I 1200pM TMAC1 I AgC1 / Ag' 
In a similar manner to the data presented in [159], it was also possible to 
study the effect of a reduction in the concentration of the organic phase 
supporting electrolyte using a small concentration of tetramethylammoriium 
chloride (TMAC1 - 200 pM) in the aqueous phase as a reference. See CELL 
5.1fJ. 
CELL 5.VI 
Ag I AgC1 I 1mMTBAC1 I xmM TBATPBC1 h'10mM DO200PM TMA Cl AgC1 I Ag' 
x = 1,0.1,0.01 and 0.001 
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To analyse the effect of the low concentration of the organic supporting 
electrolyte on the current-potential curve, we can apply the theory 
developed by Oldham [89] for the oxidation of ferrocene at metallic 
microelectrodes in resistive media. Oldham defined equations (5.1.2 - 5) 
which described the diffusive and migratory properties of the ferrocene and 
supporting electrolyte under voltammetric conditions. 
dc 1/d(l/r) = - I/2itFD 1 	 (5.1.2) 
dc2ld(l/r) + c2FIRT d/d(l/r) = I/27tFD 2 	 (5.1.3) 
dc3/d(lIr) + c3FIRT d4/d(l/r) =0 	 (5.1.4) 
dc4/d(1/r) - c4FIRT d/d(1/r) = 0 	 (5.1.5) 
The subscripts 1-4 represent the species shown in Table 5.1 for the ferrocene 
case, and the equivalent system for TMA transfer across the water/1,2-
dichloroethane interface. The analogy between the two systems stems from 
the mass transport similarities, i.e. diffusion only of the reactants to the 
interface (diffusion of neutral ferrocene in acetonitrile, diffusion of TMA in 
the aqueous supporting electrolyte) and diffusion-migration of the products 
from the interface (diffusion-migration of ferriciruum in a dilute electrolyte 
acetonitrile solution, diffusion-migration of TMA in a dilute electrolyte 1,2-
dichloroethane solution). 
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subscript Oldham's model Microhole system Mass transport 
regime 
1 (C5H5)2Fe TMA 014 , Diffusion only 




rganic Diffusion 	and 
migration 
3 cation TBA Supporting 
electrolyte cation 
4 anion TPBCI Supporting 
electrolyte anion 
TABLE 5.1 : The relationship between the theoretical model and a liquid/liquid 
system 
Thus, considering the similarities of the two systems, it was possible to 
apply equation (5.1.6) to describe the shape of the steady state wave when 
the concentration of the reactant was higher than that of the supporting 
electrolyte [86]., 
If 0 = If 00 + (RT / F)ln[Dj I (4D2 c4 I,., + D, c, I)] I [4D: c4 tss (ts: - I)] (5.1.6) 
In this case D1 and D2 are the diffusion coefficients of TMA in the aqueous 
and organic phases respectively, c1 is the bulk concentration of TMA in the 
aqueous phase, c4 is the bulk concentration of the supporting electrolyte in 
the organic phase and I is the magnitude of the plateau current. 
Thus, in a similar manner to [159], if we write x = I I IS  and y =c4 I c 1 and 
taking the ratio of the diffusion coefficients D 1 / D2 = 0.8 (predicted by 
Walden's rule for W  at 25°C), then equation (5.1.6) becomes: 
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= ,WØ0 +(RT/ F)ln[(0.8x+0.16x2 /y)/ 1—x] 	 (5.1.7) 
Figure 5.1.6 shows the predicted steady state voltammograms for TMA 
transfer at a microelectrode according to this equation for different ratios of y 
= c4 I c 1 . As expected in this case, the half wave potential moves towards 
more positive potentials as the supporting electrolyte concentration is 
decreased. This was shown experimentally (figure 5.1.7), where the steady 
state waves for the transfer of TMA are shown for concentrations of 1000, 
100,10 and 1 jtM TBATPBC1 as in CELL 5.VI. Plotting ln(ISS - 1)1 I vs A , 0 for 
both the theoretical and experimental steady state curves, it can be seen that 
at excess concentrations of supporting electrolyte the slope approaches the 
expected Nernstian response of 39.6 V confirming the reversibility of the 
ion transfer process. An experimental value of 38.0 V for 1 mM TBATPBC1 
was obtained, reducing to 12.6V 1 for 1MM  of TBATPBC1, dearly indicating 
the influence of the increasing iR drop in these systems (see Figure 5.1.8). 
Table 5.2 shows the relationship between the ratio c 4 / c 1 and the steady state 
wave characteristics of transfer at the single microhole interface. 
There was sometimes poor agreement between the values of plateau 
currents obtained for competitive experiments using microholes of the same 
diameter. This was especially evident when one compares the values 
obtained using a 20 pm hole as in CELL'S 5.V and VI. These differences 
were attributed to machining errors during production of the holes, where it 
was not always possible to use the same hole for all experiments due to 
failure of the membrane, and fouling of the hole. Also, for a 12 gm thick 
polyester support, the lower limit of hole production was around 10 pm due 
to the effect of the hole tapering. Therefore the quality of the microhole 
produced around these dimensions was not always satisfactory. 
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Figure 5.1.6 - Plots of x vs 	E 	, (1) y =5, (2) y = 0.5, (3) y = 0.05 and (4) 
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Ei/V 
Figure 5.1.7- Transfer of TMA according to CELL 5.VI using (A) 1000 PM, (B) 
100 jiM, (C) 10 pM and (D) 1 pM of TBATPBC1 as the organic iphase supporting 





0.45 	0.50 	0.55 	0.60 	0.65 	0.70 
E / V 
Figure 5.1.8 - Plot of ln[(155- 1)1/I vs E i / Vfor lOjilvi TBATPBC1 as in CELL 
5.VI. 
C4/C1 E1"2 ) 0, A( 	E 1/2)exp Sexp(slope)\ Sth r(slope) 
/mV /mV /V 1 /V 
5  38 38.5 
65 60  
0.5  32.8 36.6 
61.4 70  
0.05  16.4 29.9 
52.3 60  
0.005  12.6 21.3 
I Values calculated using contributions from figure 7 in Ref [159]. 
TABLE 5.2: Steady state wave characteristics at various dc1  ratios 
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Another criterion for testing this approach was the measurement of the 
change in the half wave potential of the transferring ion. The values obtained 
corroborate the theory quite well, however, it can be seen that the 
experimental slope values are less than the predicted ones. One possible 
source of discrepancy may arise from the fact that the potential drop to be 
considered, to apply properly the theory should be the potential drop in the 
oil phase, . Here, the Galvani potential difference between the two phases, 
A, has been used as a first approximation in equations 5.1.6 and 5.1.7. In 
our case we assume that the concentration of the supporting electrolyte was 
high enough in the aqueous phase so that most of the Galvam potential 
difference was distributed on the oil side. However, the low dielectric 
constant of the oil phase may weaken this assumption. Another source of 
discrepancy stems from the fact that we neglect the effect of ion pairing in 
the organic phase, and consequently the ionic concentrations used in the oil 
phase are overestimated. 
In a similar manner to Figure 5.1.3, it was also possible to observe the 
transfer of the TBA cation as well as TMA, using CELL 5.V. In this case the 
cation was part of the supporting electrolyte (1mM TBATPBC1 in the 
recorded voltammogram). As can be seen in Figure 5.1.9, if the scan was 
carried on to more negative potentials then another transfer wave was 
dearly visible, which corresponds to TBA transfer. This result shows the 
versatility of the microhole-mES, where studies can be conducted on 
systems which would not be amenable to measurement at the large ITIES. It 
was also possible to study the transfer of TMA, using CELL 5.V with no 
added supporting electrolyte in the organic phase. Figure 5.1.10(a) shows the 
potential window obtained with this system, using simply pure water and 
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1,2-DCE (no added supporting electrolyte in either phase) as the adjacent 
immiscible phases. The addition of 200 pM TMAC1 to the aqueous phase of 
this system resulted in the response shown in 5.1.10(b), where a transfer 
process was clearly taking place. Thus, it was possible to study ion transfer 
reactions without the addition of supporting electrolyte to either phase. 
-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9 
E/V 
Figure 5.1.9 - Cyclic voltammogram showing the transfer of TMA and TBA as in 






-1.0 	-0.6 	-0.2 	0.2 	0.6 	1.0 	1.4 
E'/V 
Figure 5. 1.10 - Cyclic voltammograms obtained according to CELL 5.V using pure 
solvents (water / 1,2-DCE) as the two adjacent immiscible phases (a) and the 
transfer of the TMA cation when added to the aqueous phase of this system (b). 
Scan rate = 100 mVs 1 . 
5.2 Single microhole interfaces as sensors 
One possible application of single microhole interfaces is to use them as part 
of a sensor structure, where the resulting steady state response makes them 
amenable to amperometric detection of species which cross the fl'IES. Thus, 
it was possible to study the time taken to reach the steady state plateau 
current, using chronoamperometry, for the various sizes of single 
microholes. Figure 5.2.1 shows a typical cyclic voltammogram recorded, 
using the experimental conditions of CELL 5.V, this time using BTPPATPBC1 
as the organic phase supporting electrolyte. The chronoamperometric data 
shown in Figure 5.2.2 was recorded by pulsing from 300mV at zero current 
to 800 mV where a steady state current had developed as in Figure 5.2.1. As 
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would be expected, the smaller the hole size the faster a steady state current 
was reached, taking as little as 6 seconds for a hole of 11.tm in diameter. 
Table 5.3 compares the steady state currents obtained from cyclic 
voltammetry and chronoamperometry, as well as giving the approximate 
times taken to reach steady state using the experimental conditions of CELL 
5.V. 
For a disc microelectrode of diameter d, the time taken to reach a steady 





where D is the diffusion coefficient of the species under study [162]. As the 
interface supported in a microhole membrane has been shown to behave like 
that of a solid microdisc electrode, this equation was used as a test for the 
chronoamperometric data of Figure 5.2.2. In reality, when measuring steady 
state currents, the actual steady state voltammetric current is continually 
approached but never actually attained. So effectively, the reaching of a 
steady state really means 'coming within a specified percentage of' the 
steady state. For example if 2% is chosen as this percentage and tss denotes 
the time required for the current to come within 2% of the I ss, then equation 




This equation was used to calculate the theoretical times required to reach a 
steady state, using a value of 9.0 x 10 6cm2seC 1 (see Figure 2.7.1) as the 
126 
diffusion coefficient of TMA, as in CELL 5.V. The values obtained from 
Figure 5.2.2 are given in parentheses in column 4 of Table 5.3. As can be seen 
there is reasonable agreement at small hole sizes, with large discrepancies 
appearing between theoretical and experimental values at large diameter 
holes. The difficulty of predicting times taken to reach a steady state 
situation is complicated by the effect of convection affecting measurements 
made over periods greater than about 20 seconds. In any theoretical 
evaluation it is therefore difficult to take this factor into account. This could 
therefore account for the large discrepancies between theory and experiment 
at large microholes, which can take around this time scale or greater to reach 





0 	0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 
E/V 
Figure 5.2.1 - Cyclic voltammogram of the TMA ion transfer according to CELL 
5.V using 1 mM BTPPATPBC1 as the supporting electrolyte. (Scan rate = 
20 mVs 1) 
127 
I 20pm hole 
I 	I 11pm hole 
0 	5 	10 	15 
time / sec 
Figure 5.2.2 - Chronoamperograms recorded at single microhole of 38, 20 and 11 1um 
in diameter according to CELL 5.V using BTPPATPBC1 as the organic phase 
supporting electrolyte. 
Hole diameter Iss (C.V.) Iss (PULSE) Time to reach 
steady state 
PM nA (±0.07) nA (±0.07) seconds 
38 1.4 1.3 13 (131) 
20 0.69 0.65 9 	(36) 
12.5 0.26 0.22 6 	(14) 
11 0.21 0.18 6 	(11) 
TABLE 5.3: Comparison of steady state currents obtained by cyclic voltammetry 
(C.V.) and chronoamperometry (PULSE) with the associated time to reach steady 








5.3 Facilitated potassium ion transfer by DB18C6 at a single microhole 
Facilitated potassium ion transfer reactions by DB18C6 were studied at the 
water/1,2-DCE interface, using a 20 j.im single microhole. Figure 5.3.1(b) 
shows a typical steady state voltammogram obtained using the composition 
of CELL 5.Vll for 10 mM KC1, with (a) its associated potential window (no 
ionophore). The plateau current was limited by diffusion of the 
ionophore to the interface. The plot of In (' - 1)/I vs iØ / V (see Figure 
5.3.1) yielded an experimental slope of 39.1 \1  which was very close to that 
expected of a Nernstian response (39.6 V 1). This confirmed the reversibility 
of the assisted ion transfer process. 
CELL 5.VII 
1mM BTPPACI 10mM BTPPATPBC1 Ag / AgC1 "10mM LiC1 "0.5mM DB18C6 	/ /xmM KC1 / AgCI / Ag' 
Using this system, a concentration dependence of the half wave potential 
was then carried out for values of x = 1000, 100, 10 and 1 where the data 
obtained was used to calculate the association constant(log '3.K+  of the 
DB18C6 with the potassium ion in the 1,2-DCE phase. The cyclic 
voltammograms obtained for the above values of x according to CELL 5.Vll 
are shown collectively in Figure 5.3.3. The magnitude of the steady state 
currents measured were equivalent within experimental error. The transfer 
wave was observed to shift to more positive potentials with a decrease in the 
value of x. The experimental half wave potentials were referenced against 
the transfer of TMA. Figure 5.3.4 shows the plot of this concentration 
dependence of the half wave potential expressed in a similar manner to data 
in 4.2.2. The relevant data is given in Table 5.4. This graph gave a straight 
line with a reciprocal slope of 59±2 mV / decade concentration of potassium 
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ions. This again confirmed that the K/DB18C6 facilitated ion transfer 
reaction was reversible, and diffusion controlled, and that the system 
belongs to Case 1 as defined by Matsuda et a! [54]. Again, using the theory of 
Matsuda, values for the dimensionless quantity FA  were calculated (see 
Table 5.4) using equation 4.2.3. These values were then plotted against 
1 / CK+. This plot (see Figure 5.3.5) gave a linear relationship with a gradient 
of 1.03 x 10-10  mol 1dm 3. Using the same approach as that developed in 4.2.2 
the association constant, log j3, 4. was calculated to be 10.0. This value is in 
excellent agreement with values reported, for an identical system, by Sabela 
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Figure 5.3 1 - Cyclic voltammogram of the steady state current produced as a result 
ofthefacilitated potassium ion transfer by DB18C6 at a 20 - ,um single microholeas 
in CELL 5.VII (Scan rate =20 mVs 1) (b) with the potential window obtained in the 
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Figure 5.3.2 - Plot of in (' - 1)/I vs E 1 Vfor x = 10 as in CELL 5.VII. 
D1 C 	B 
4 
0 	0.1 	0.2 0.3 	0.4 0.5 	0.6 	0.7 0.8 	0.9 1.0 	1.1 
E/V 
Figure 5.3 3 - Cyclic voltammograms for the facilitated potassium ion transfer by 
DB18C6 at differing concentrations, x mM, of KC1 as in CELL 5.VII. x = 1 (A), 10 







x K1 DB18C6 
half wave potentials 
—fit 
-3.0 	-2.5 	-2.0 	-1.5 	-1.0 	-0.5 	0.0 
log CK+ 
Figure 5.3.4 - Half wave potential of the KVDB18C6 complexes in the dependence of 
log c as in CELL 5.VII. 
CK + E 
1/2 vs TMA 1/ CK + FA log CK+ 
mol dm-3  V moldm3 x 1010  
0.001 0.125 1000 1030 -3 
0.01 0.065 100 100 -2 
0.1 0.005 10 9.6 -1 
1 -0.05 1 1.2 0 
Table 5.4 - Half wave potentials (' E 1 ' /' vs TMA 4 ), 1/ c +, FA,  and log C + values 
IK+
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Figure 5.3.5 - FA vs l/C+  plot for the K7DB18C6 system. 
Chronoamperometric data was also recorded for this system, using a range 
of microhole sizes for the system with 10 mM KC1, as in CELL 5.VII. The 
holes were 38, 20 and 11 gm in diameter and the facilitated potassium ion 
transfer at the 11 I.Lm hole, took around 7 seconds to reach a steady state (see 
Figure 5.3.6). The chronoamperograms were recorded by pulsing from 200 
mV to 650 mV as in Figure 5.3.1. Table 5.5 gives the approximate time taken 
to reach a steady state, with the associated steady state currents obtained by 
cyclic voltammetry and chronoamperometry. The magnitude of these values 
are very similar to those measured from Figure 5.2.2. Theoretical steady state 
times were again calculated using equation 5.2.2. A value of 
5.9 x 10 6cm2sec 1 [52] was used as the diffusion coefficient of DB18C6 as in 
CELL 5.Vll. The values obtained by this method are given in parenthesis in 
column 4 of Table 5.5. As before, significant discrepancies between theory 
and experiment were evident as the hole diameter increased. 
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0 	5 	10 	15 time/sec 
I/I 
Figure 5.3.6 - Chronoamperograms recorded at single microholes of 38, 20 and 
1 1pm in diameter according to CELL 5. VII. 
Hole diameter Iss (C.V.) Iss (PULSE) Time to reach 
steady state 
PM nA (±0.07) nA (±0.07) seconds 
38 1.9 2.1 15 (198) 
20 1.4 1.4 11 	(55) 
11 0.6 0.56 7 (17) 
Table 5.5 - Comparison of steady state currents obtained by cyclic voltammetry 
(C.V.) and chronoamperometry (PULSE) with the associated time to reach a steady 
state as in CELL 5.VII. 
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5.4 Conclusions 
This study clearly shows how charge transfer reactions at the liquid/liquid 
interface can be investigated using little or no supporting electrolyte, in 
either the aqueous and organic phases. There was reasonable agreement 
between the experimental and theoretical data, and studies of this nature 
could open up new routes for the study of ion pair formation in both phases, 
and at the interface. It was clearly shown that the microhole liquid/liquid 
interface shows behaviour similar to that of a solid microdisc electrode. The 
facilitated potassium ion transfer by DB18C6 was also studied by variation 
of the aqueous phase supporting electrolyte concentration, which allowed 
calculation of the potassium/DB18C6 association constant. The fast times 
taken for systems, studied at these microhole interfaces, to reach steady state 
currents with their associated high signal to noise ratio, has significant 




Enzymatic analyses at the ITIES 
If we consider enzymes as specific chemical transducers, converting an 
enzyme specific analyte into a detectable chemical entity, the basic concept of 
biosensing has been defined. The main analytical advantage when using 
enzymatic analysis, is the substrate specificity to low analyte concentrations 
and its amenability to repetitive assays without loss of precision [163,164]. In 
this chapter the enzymatic production of the ammonium ion (NH:),  by the 
hydrolytic decomposition of urea by urease is examined. This forms the 
basis for a biosensor utilising facilitated ion transfer reactions at the 
liquid/liquid interface as the transducer. In Chapter 4, dibenzo-18-crown-6 
(DB18C6) was shown to give a well defined voltammetric response with 
N14 and possessed a high solubility in the 1,2-dichloroethane used as the 
organic phase solvent in the liquid/liquid cell. These properties make the 
ionophore ideal for inclusion as the NH:  complexing agent in the proposed 
urea sensor. Its low cost was also a useful factor when considering the 
practicalities involved in the development of a commercial sensor. Other 
ionophores such as nonactin and valinomycin, although shown to be more 
selective towards the ammonium ion, were too expensive to merit inclusion 
into the sensor structure. The decomposition of creatinine by creatinine 
deiminase, in which one of the major products is NH:,  is studied by similar 
methodology. The enzymatic reactions discussed, initially produce ammonia 
gas, which is converted to NH by protonation. 
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6.1 Ammonium ion detection 
As shown in chapter 4, if the ammonium ion was present as part of the 
aqueous phase electrolyte in a liquid/liquid system, its transfer either limits 
the potential window or is outwith the polarisation range. Thus, the 
observation of ammonium ion transfer was only possible when a 
complexation agent was introduced which selectively combines with the 
ion, thus making it amenable to detection. The test system adopted was that 
proposed by Senda et a! [61] where the ionophore (DB18C6) concentration 
was in vast excess, such that the resulting facilitated ion transfer current 
observed was proportional to the ammonium ion concentration in the 
aqueous phase. This excess ionophore concentration then effectively 
represents the detection limit of the system under study. Obviously this 
factor is limited by the solubility of the ionophore in the organic phase and 
by the partitioning of it between the two phases. The saturation value for 
DB18C6 in 1,2-DCE was found to be approximately 83 mM which represents 
the upper barrier for detection. However, the ability to dilute samples of 
whole blood and urine, which represent the media in which the sensor must 
operate, effectively makes these considerations superfluous. 
The first experimental consideration in the development of a biosensor for 
urea, was to establish a relationship between the ammonium ion 
concentration and the experimentally measured facilitated ion transfer 
current. CELL 61 was used to study the facilitated NHj ion transfer at a 
large fliES (Interfacial Area = 1.13 cm 2). The experimental set up used was 
as in Figure 2.8.1. 
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CELL 6.! 
Ag! AgCII 10mM TBAC1/ 20mM TBATPBC11OmMDB18C6 I!xjiM NH 4C1/AgCl/ Ag' 
x = 200,400,600,800 and 1000 
The response for 1000 j.tM NI-14C1 is shown in Figure 6.1.1. As can be seen a 
well defined facilitated ion transfer wave was observed. However, this 
system was unable to be fully iR compensated, proof of which is a peak to 
peak separation of 165 mV which is far from that expected of a reversible 
Nernstian system (59 my). The magnitude of this separation increased with 
a decrease in the N1-L1C1 concentration suggesting an increase in the 
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Figure 6. 1.1 - Cyclic voltammogram for the facilitated ammonium ion (1000 pM) 
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Figure 6.1.2 - Calibration graph for CELL 6.1 
Nevertheless, as Figure 6.1.2 shows, over the range studied a linear 
relationship between the peak current and ammonium ion concentration was 
evident. Even though linearity was observed, the intercept on the y-axis does 
not pass through zero. This suggests that there is a residual (background) 
current, which when subtracted would result in a y-axis intercept of zero. 
Senda et al [61] overcame this problem by having 50 mM of both MgC12 and 
L-lysine dissolved in the aqueous phase of their detecting system. This acted 
as their base system, producing a fairly flat potential window, and fixed the 
pH of the internal solution near to the pKa of the NH I NH3 equilibrium. 
Subtraction of the resulting background current gave them a calibration plot 
which passed through zero. This background current was of the order of 5-
10 ILA which was quite a significant value. The same approach was adopted 
for the large ITIES system according to CELL 61 1  this time using 1,2-DCE 
instead of the nitrobenzene used by Senda et al [61] as the organic phase 
solvent. The recorded baseline system exhibited significant transfer waves 
associated with the facilitated transfer of the aqueous phase species by the 
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DB18C6. It was therefore likely that the residual currents observed by Senda 
et al [61] were due to the phenomena described above. This is a highly 
undesirable property for a sensor trying to measure micromolar 
concentrations and could result in significant errors being introduced into 
the measured currents. 
Clearly, there are many problems associated with the proposed detection 
system at the large 1TthS. The poor iR compensation of the system at low 
NH concentrations, as a result of the low supporting electrolyte 
concentrations used, is such as to make measurement below 200 l.LM very 
difficult. Also, the inability to determine the background current makes the 
accurate determination of ammonium ion concentrations difficult. To combat 
such problems the methodology developed in chapter 5 for microhole 
interfaces was adopted. Using microhole interfaces removes the necessity of 
adding supporting electrolyte to the aqueous phase to ensure adequate 
conductivity. Using only water as the aqueous phase electrolyte, as in CELL 
61, it was possible to record a baseline response using a 20 gm microhole to 
support the interface. To this system aliquots of NH4C1 were added, 
resulting in a steady state wave, the magnitude of which was proportional to 
the added concentration (see Figure 6.1.3). The steady state current was 
measured at an arbitrary potential of 525 mV and subtraction of the 
background current resulted in the linear calibration plot of Figure 6.1.4. 
which passed through the origin within experimental error. The linearity of 
this relationship confirms the suitability of the micro liquid/liquid interface 
used in CELL 61 as a transducer for the amperometric detection of 
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Figure 6.1.3 - Cyclic voltammograms offacilitated ammonium ion transfer by 
DB18C6 for (A) 10 jiM, (B) 100 pM, (C) 250 pM and (D) 500 pM of NH4C1 at a 
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Figure 6.1.4 - Calibration plot from the steady state waves of Figure 6.1.3 as in 
CELL 6.1. 
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6.2 Bicarbonate detection as an alternative to ammonium ion detection 
The enzymatic action of urease on urea has two major products, which are 
ammonia gas/ammonium cation and carbon dioxide /bicarbonate anion. 
Therefore, detection of the carbon dioxide produced in the enzymatic 
process offers an alternative approach to the determination of urea levels. 
This mode of detection was used by Guilbault and Shu [109] in the 
development of a urea sensor. Thus if it were possible to detect carbon 
dioxide/bicarbonate anion directly at the liquid/liquid interface this would 
simplify our sensor scheme greatly. CELL's 6.11 and III were set up to 
investigate the feasibility of bicarbonate anion transfer at the water/1,2-DCE 
interface. 
CELL 6.11 
Ag I AgC1 /10mM TBACI /10mM TBATPBC1 / /10mM NH 4HCO3 / Ag 2CO3 I Ag' 
CELL 6.111 
1mM BTPPACI Ag / AgCI "10mM LiC1 /10mM BTPPATPBC1 / /10mM NH 4HCO3 / Ag 2 C03 1 Ag' 
Ammonium bicarbonate was chosen as the aqueous phase supporting 
electrolyte to be representative of the decomposition products of the 
urea/urease reaction. The Ag/A92CO3 reference electrode used was tested 
over a period of 3 weeks with stable and reproducible results. The cyclic 
voltammograms recorded, with the cell compositions of 6.11 and III 
respectively, are shown in Figure 6.2.1(A and B). Clearly, no transfer wave 
was observed within the limits of the potential window. 
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Figure 6.2.1 - Cyclic voltammograms according to CELL's 6.11 and 6.111. Scan rate 
=lOOmVs 1 
Another possibility was that the bicarbonate anion could be a potential 
window limiting species. It is known that for systems of the above type, at 
positive potentials the window is limited by the cationic species of the 
aqueous phase i.e. the ammonium cation transferring from water to oil. At 
the negative end of the potential window however, there exists different 
possibilities depending on the nature of the organic phase supporting 
electrolyte. For CELL 6.111, using the micropipette as a tool for the 
determination of species limiting the potential window [67], the bicarbonate 
anion was found to limit the window at negative potentials. This manifested 
itself as a steady state wave at this end of the window. This system was 
unfortunately rather unstable, and therefore not amenable to further study. 
An ideal system would include an anionic ionophore to facilitate the transfer 
of the bicarbonate ion in a similar fashion to the effect DB18C6 has on the 
ammonium ion. Such products do exist, as the chemical company Fluka 
market two ionophores for carbonate (ETH 6010 and ETH 6019). 
Unfortunately due to the large cost of these products they were unable to be 
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tested for their effect on the bicarbonate anion. Facilitated anion transfer 
across the liquid/liquid interface remains one of the major challenges still 
facing investigators, which if demonstrated could open up many new areas 
for study. 
6.3 Enzymatic production of the ammonium ion at the liquid/liquid 
interface using urease dissolved free in solution as a direct method to 
detect urea 
Enzyme electrodes incorporate enzymes into their make up either by 
immobilization on a suitable support or by entrapment within a chemical 
matrix. One alternative would be to have the enzyme dissolved, free in 
solution. This was the approach used by Campanella et al [115] as part of 
their development of biosensors for urea and creatinine. Urease (Sigma EC 
3.5.1.5) was found to give an almost clear aqueous solution, allowing this 
solution to be used as the aqueous phase for microhole experiments. Urease, 
at a concentration of 50 Units/ml, was simply dissolved in water and used 
as in CELL 6.IV, resulting in the potential window of Figure 6.3.1. The flat 
nature of the potential window illustrated that at this enzyme concentration 
there existed no major interferents or adsorption problems, that could 
adversely affect species transferring within this potential range. This 
window was found to be stable with continuous scanning. 
CELL 6.IV 
50 Units/nil Ag / AgCI I 10mM ThAC1 I 10mM TBATPBC1 "Uree in H20" AgC1 / Ag' 
0.1 	0.2 	0.3 	0.4 	9.5 	0.6 	0.7 	0.8 	0.9 
El/V 
Figure 6.3.1 - Cyclic voltammogram recorded using a dissolved solution urease as 
the aqueous phase according to CELL 6-IV- Scan rate = lOOm Vs -1 
Using the knowledge that urease can be used directly at the liquid/liquid 
interface, the urea/urease enzymatic hydrolysis was studied with respect to 
facilitated ammonium ion transfer. The effect on the addition of 200 .tM 
aliquots of urea to the aqueous phase of CELL 6.V was studied using cyclic 
voltammetry. As before, a single 20 urn rnicrohole was used to support the 
liquid/liquid interface. 
CELL 6.V 
Ag / AgCI /10mM 7BAC1 ,2OmM TBATPBC1 50 Units/nil /AgCI / Ag' 10mM DB18C6 // 50  in H20 
Considerations on the above system would ideally allow for the 
incorporation of an enzyme buffer to prevent denaturing of the enzyme and 
to fix the solution pH, at or near, that which maximum enzyme operating 
efficiency is achieved. Unfortunately, with CELL 6.V, this was not possible 
using a dissolved solution of urease directly at the liquid/liquid interface. 
Buffering of the system, for example with pH 8.0, 0.2 M Tris-HO buffer, 
resulted in the development of a significant transfer wave at similar 
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potentials to that of the facilitated ammonium ion transfer reaction (see 
Figure 6.3.2). Tris-HC1 buffer is an amine based buffer, which most probably 
complexes with the DB18C6. Other buffers had similar interfering effects. 
These included borate and phosphate buffers which have alkali metal 
counter ions, which were observed to complex with the crown ether. 
Ely 
Figure 6.3.2 - Cyclic voltammogram as in CELL 6.V using urease buffered by 0.2 M 
Tris-HCL buffer at pH 8.0. Scan rate = 100 mVs 1 
It was thus necessary to proceed using unbuffered urease in the aqueous 
phase of the microhole system. 200iM aliquots of urea were added to the 
urease solution (typically 2 mis of solution), whilst continually scanning, and 
ten minutes were allowed for equilibration. After the ten minutes had 
elapsed, a cyclic voltammogram was recorded in which a steady state 
current had developed as a result of the facilitated ion transfer of the 
ammonium ions produced in the enzyme reaction. Figure 6.3.3 shows the 
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Figure 6.3.3. - Cyclic voltammograms of the facilitated ion transfer of the 
ammonium ion produced in the hydrolytic decomposition of urea by urease as in 
CELL 6.V. (A) 200 pM, () 400 pM, (C) 600 pM, (D) 800 pM and (E) 1000 p.M of 
urea. Scan rate =50 mVs 1 . 
The base system, using simply the dissolved solution of urease in deionised 
water as the aqueous phase, shows a significant response. This could be as a 
result of many factors. The vast excess of the crown ether means that even 
small concentrations of interferents would result in an elevation of the 
baseline response. The enzyme, which is basically a large network of 
proteins with numerous side chains, could possibly complex with the crown 
ether and thus result in a transfer wave. Also the finite solubility of the 
silver/silver chloride reference electrode in water and the natural proton 
concentration of the solution as a function of pH could all contribute to the 
measured current. The subtraction of this background current from the 
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Figure 6.3.4. - Calibration plot from the steady state waves offigure 6.3.3 as in 
CELL 6.V. Current measured at 525 mV. Scan rate =50 mVs -1 . 
As before, a linear relationship between the steady state current and the 
analyte (urea) concentration added was observed to develop. At higher 
concentrations (i.e. > 1 mM) the linearity of the relationship was seen to 
deviate towards a lower than expected steady state value. This, in fact, is not 
wholly surprising. Addition of urea to the unbuffered urease resulted in a 
change of the solution pH towards higher values. The pH of the unbuffered 
urease solution was 6.9 moving to around 8.1 after the addition of 1 mM 
urea. As figure 6.3.5 [165] shows, this pH range was well within the region 
where urease exhibits high operating activities. Addition of 2mM urea 
moves the solution pH to around 9 where the enzyme activity was less than 
50%. Also, the sharp changes of pH associated with the individual additions 
of urea could ultimately act to denature the enzyme as it was not being kept 
in a homogeneous state. A deviation from linearity was therefore not 
unexpected. Another possibility was that if the enzyme itself was 
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participating in the transfer process then its penetration into the double layer 
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Figure 6.3.5 - Plot of the relative activity of urease as afunction of pH taken from 
reference [165]. 
A study was also made on the effect of the enzyme concentration used in 
CELL 6.V, where a concentration of 50 Units /ml was chosen on the basis of 
Figure 6.3.6. The steady state current which had developed, on the addition 
of urea aliquots, increased in accordance with the enzyme concentration. 
The steady state currents produced by 50 and 100 Units/ml of urease were 
found to be of a similar magnitude. However, at 100 Units/ml, voltammetric 
adsorption peaks were observed which did not manifest themselves at the 
lower enzyme concentration of 50 Units/mi. Thus, the enzyme 
concentration of 50 Units/ml was adopted as the experimental standard. 
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Figure 6.3.6 - Calibration plot as in CELL 6.Vfor various enzyme concentrations. 
~-MMMMMC 	 MUM 
Even though amperometric detection of the ammonium ion has been 
demonstrated using the proposed system, there are many problems with the 
sensing mechanism as it exists. The inability to buffer the enzyme means that 
any sensor would have a very short lifetime resulting from denaturing of the 
enzyme. The enzyme's performance could also be inhibited by the presence 
of the silver/silver chloride reference electrode, the silver ion being a well 
documented urease inhibitor [165]. Also if the present reaction scheme were 
to be used in the analysis of actual clinical samples (i.e. blood or urine), 
which contain large potassium and sodium ion concentrations, these ions 
would undoubtedly interfere with or mask experimental data obtained. To 
overcome these obvious problems, an ammonia gas permeable membrane 
(Teflon, 20 p.m thick, Russell pH Ltd., UK) was introduced to impart some 
degree of selectivity to the sensing structure. Not only would the membrane 
exclude the passage of possible interferents, allowing only ammonia gas 
through, but there now exists the possibility of buffering the enzyme without 
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the problem of buffer complexation with the DB18C6. The sensor would 











AQUEOUS IMMOBILIZED OR 
PHASE 	FREE IN SOLUTION 
Figure 6.4.1. - Schematic of urea sensing mechanism. 
Ammonia gas produced on the decomposition of urea diffuses through the 
Teflon membrane. On entering the internal solution (aqueous phase of the 
liquid/liquid system - now simply water), the ammonia gas (NH3) is 
converted to the ammonium ion (NH:)  to an extent determined by the 
solution pH. The NH:  produced is then detected by facilitated ion transfer at 
the water/1,2-DCE interface. The gas permeable membrane was fixed to the 
end of a narrow Teflon tube and inserted into the aqueous compartment of 
the liquid/liquid cell of Figure 2.8.3. The membrane was sandwiched as 
close as possible to the microhole membrane so that there existed only a 
small film of water between the two. 
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The proposed system was first tested by the addition of aliquots of NI-JCl to 
2 mis of a 0.2 M pH 8.0 Tris-HC1 buffer solution (no enzyme) as in CELL 
6.VI. The ammonia produced was then detected by the sensing mechanism 
of Figure 6.4.1. Figure 6.4.2 shows the cyclic voitammograms recorded after 
the addition of (A) 2mM and (B) 5mM NH 4C1 to CELL 6.VL As before, 10 
minutes were allowed for equilibration of the system after the addition of 
each NH4C1 aliquot. As Figure 6.4.3 shows, a linear relationship was found 
to exist between the steady state current measured and the NH 4 C1 
concentration added. 
CELL 6.VI 
20mM TBATPBCI 	 II Teflon I Buffered Ag / AgC1 /10mM TBAC1 	DB18C6 	Water / AgC1 I Ag' IIGPM urease 
6 	 I 	 B 
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Figure 6.4.2 - Cyclic voltammograms of the facilitated ammonium ion transfer after 
the addition of (A) 2mM and (B) 5mM NH4C1 as in CELL 6. VI. Scan rate = 
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Figure 6.4.3 - Calibration plot of the steady state current developed as in CELL 
6. VI. Current measured at 525mV. 
As the system of CELL 6.VI was shown to work satsifactorily, urease at a 
concentration of 50 Units/ml was then placed into the Teflon tube 
containing the Tris-HC1 buffer. To this solution 200 p.M aliquots of urea were 
added, again using the system of CELL 6.VI. Unfortunately, due to the 
geometry of the cell, it was cumbersome to stir the test solution. Natural 
diffusion of the ammonia produced for the experiments using CELL 6.VI, to 
the membrane surface, had to be relied on. Again 10 minutes were allowed 
for the system to equilibrate after each urea addition. Cyclic voltammograms 
were then recorded where a steady state response had developed as a result 
of the ammonium ion concentration in the internal aqueous solution. Figure 
6.4.4 shows the voltammogram recorded after the addition of 1 mM urea. As 
before, a linear relationship was found to exist between the steady state 
current measured and the urea concentration added (see Figure 6.4.5). The 
ion transfer currents measured from Figures 6.4.2 and 4 were found to be 
less pronounced than in 6.3. The smaller magnitude of the measured current 
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was attributed to the physical and kinetic barrier of the membrane and also 
to the absence of forced convection in the enzymatic chamber. Stirring would 
also increase the sensor response time which, as it stood, took a full 10 
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Figure 6.4.4 - Cyclic voltamniogram of the facilitated ammonium ion transfer after 
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Figure 6.4.5 - Calibration plot of the steady state current developed as in CELL 6. VI 
Current measured at 525 mV. 
Since the sensor mechanism incorporating a gas permeable membrane was 
shown to work satisfactorily, the final stage in testing of the urea sensing 
mechanism was to immobilize urease onto the membrane support itself. 
This was carried out using the method developed by Masdni and Guilbault 
[110]. 
Bovine serum albumin (B.S.A., Sigma) was dissolved in 0.2 M Tris-HO 
buffer, pH 8.0 to obtain a 15% solution. 9.19 mg (50 Units) of urease was then 
dissolved in 50 W's of the above and this solution was then placed on the 
surface of the Teflon membrane. Addition of 3.tl's of a glutaraldehyde 
solution (25% in water) to the BSA/urease mixture resulted in a sticky 
product which was rapidly mixed and spread over the surface of the 
membrane. 15 minutes were allowed for the mixture to adhere followed by 
successive washes with deionised water and 0.1 M glycine to remove excess 
glutaraldehyde. The immobilised urease was then ready to be used. 
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Experiments were carried out as in 6.4 with urea additions to a pH 8.0,0.2 M 
Tris-HC1 buffer solution. This sensor configuration represents a possible 
practical biosensing device.Thereforethe detection limits were extended to 
observe the range of linearity. Figure 6.5.1 shows the voltammograms 
recorded for 0 to 4 mM additions of urea. Over this concentration range 
there again existed a linear relationship between the steady state current 
developed and the urea concentration added (see figure 6.5.2). Above this 
range a significant deviation from linearity was observed where the steady 
state current did not equilibrate after the 10 minutes waiting time. The 
steady state current steadily increased, not even reaching a stable value after 
30 minutes. This was thought to be as a result of a change in the kinetics of 
the enzyme reaction at higher concentrations. 
As there was no forced convection in the system, to aid the movement of 
urea molecules to the enzyme layer, the rate of the enzyme reaction at lower 
concentrations was thought to be limited by diffusion of the urea molecules 
to the membrane i.e. how fast they can be fed to the enzyme. As more urea 
was added to the system more species were present, diffusion was very 
rapid and molecules began to buildup on the enzyme layer. The rate of 
reaction was now a factor of how fast the enzyme can function and not 
dependent on the diffusional characteristics of the urea. Urease is known to 
be a very efficient enzyme thus a greater concentration of ammonia would 
be produced locally and diffuse through the membrane. This would result in 
a large increase in the facilitated ion transfer current. Regardless of this fact, 
the range of linearity measured was very close to that required for the 
detection of urea in plasma which is in the region of 3-8 mM. 
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Figure 6.5.1. - Cyclic voltammograms of the steady state response to the addition of 
urea to CELL 6.V.I. A) 1 mM, (B) 2 mM, (C) 3 mM and (D) 4 mM of urea added. 
Steady state current measured at 525 mV Scan rate = 100 mVs -1 
6 
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Figure 6.5.2 - Calibration plot of the steady state current developed in Figure 6.5.1 
versus the urea concentration added as in CELL 6. VI. 
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The above results demonstrate the feasibility of using the liquid/liquid 
interface as a transducer to follow enzymatic reactions. The sensor structure 
which showed the most promising results utilised urease immobilised on 
the surface of a Teflon gas permeable membrane. There obviously exists 
much scope for improvement to the present prototype biosensing device 
before a practical sensor can be realised. The complicated chain of events 
before a final reading is obtained can result in many errors being introduced 
into the system. This study has only demonstrated the operating 
characteristics of the proposed sensor structure. Optimisation of the 
experimental conditions at each stage of the sensing mechanism is necessary 
before any sort of reliable device can be produced commercially. 
6.6 Urea determination in urin 
Most of the clinical interest in the determination of accurate urea 
concentrations is in samples of blood plasma as an indicator of renal, 
muscular and thyroidal functions of humans [117]. The levels of the same 
metabolite are also frequently measured in urine where, for example in the 
doctor's surgery the ease of sample collection can lead to fast diagnosis of 
related problems. Therefore, it is important that any practical sensor is 
amenable to quick and accurate measurement of analytes in real clinical 
samples. The sensor developed above was thus tested using samples of 
diluted urine (in water -1 in 10) which were analysed using the immobilised 
urease sensor of 6.5. 
Before the addition of the diluted urine to the test solution, the Teflon/GPM 
-tube with immobilised urease was washed with distilled water and fresh 
buffer solution (pH 8.0, 0.2 M Tris-HC1 buffer) was added. The background 
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current was then recorded using cyclic voltammetry. Ten minutes were 
allowed for equilibration of the system after the diluted urine had been 
added. If we assume that the activity of the immobilised enzyme was still the 
same as in 6.5, then the calibration plot of Figure 6.5.2 can be used to make 
an estimation of the urea levels present in the sample. Figure 6.6.1 shows the 
facilitated ammonium ion transfer current that developed where the plateau 
current, measured at a potential of 525 mV, was found to be 20nA, after 
subtraction of the baseline current. Extrapolation of the calibration graph to 
higher concentrations, taking into account the 1/10 dilution, resulted in an 
approximate urea concentration of around 200 mM. Normal urine urea 
levels are around 350mM, with endogenous ammonia levels of around 
40mM which could also contribute to urea determinations based on the 
ammonium ion. Unfortunately, the facility to determine actual urine urea 
levels was unavailable for a comparison to those measured by the urease 
sensor. Therefore, the authenticity of the values obtained cannot be 
corroborated until this facility is made available. At this stage of 
development, the fact that the sensor was seen to respond to these real 
samples giving readings of the correct order of magnitude was promising. 
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Figure 6.6.1 - Cyclic voltammogram of the facilitated ammonium ion transfer by 
DB18C6 developed as a result of the addition of diluted urine to the immobilised 
urease sensor as in CELL 6-VI. Scan rate =50 mVs 1 
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The assessment of creatinine in human plasma or urine represents another 
valuable indicator in the estimation of the renal function. At present, 
spectrophotometric methods are widely used for standard analysis, based on 
the Jaffe reaction (see chapter 3), however, the specificity of this reaction has 
been widely called into question. Creatinine determinations are now 
increasing in popularity over urea, since the creatinine level is not adversely 
affected by a high protein diet. 
In a similar manner to urea, creatinine can be hydrolytically decomposed by 
the enzyme creatinine deiminase to yield N-methylhydantoin and ammonia 
(see Figure 3.6.1). The ammonia gas/ammonium ion can then be detected 
using the same sensor structure as for urea. 
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6.7.1 Creatinine ion transfer 
Before the creatirune/creatinine deiminase enzymatic reaction was studied, 
CELL 6.V1I was set up to see if it was possible to observe the simple ion 
transfer of creatinine directly at a large 1TIES. 
CELL 6.VlI 
10mM LiC1 Ag I AgCI I 10mM TBACI I 10mM TBATPBC1 "10mM Creati nine 't AgC1 / Ag' 
As can be seen from Figure 6.7.1, it was indeed possible to observe creatinine 
ion transfer close to the positive end of the potential window. This transfer 
was indicative of a singly charged transferring species (60 mV peak to peak 
separation) and was reversible in nature. The reversibility was confirmed by 
Figure 6.7.2 where a linear relationship was seen to develop between the 
square root of the scan rate and the peak current (Ip).  From this plot the 
diffusion coefficient of the creatinine was calculated to be 5.0 x 10 - 6n2sec4 
Also, using TMA as a reference, the AG1 '° of creatinine was calculated to 
be 35.2 kJmoll. It is proposed that the creatimne transfers in its one plus 
cationic form where, in theory, all heteroatoms could be the site of 
protonation. However, to make a precise prediction on the structure of the 
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Figure 6.7.1. - Cyclic voltammogram of creatinine ion transfer at the large ITIES 
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Figure 6.7.2. - Plot of the square root of the scan rate versus the peak current from 
the creatinine ion transfer wave of Figure 6.7.1. 
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In order to prove conclusively that the observed transfer wave was 
creatinine, creatinine deiminase was added to the aqueous phase of the 
liquid/liquid cell as in CELL 6.Vll. Figure 6.7.3 showed that, on addition of 
the enzyme, the creatinine transfer wave was seen to disappear over a 
period of 10 minutes, leaving simply a potential window. The enzyme was 
obviously acting on the creatinine and it was the enzymatic decomposition 
of the molecule that was observed with time. 
Even though creatinine ion transfer has been observed, when determination 
at lower concentration levels was attempted, quantitative analysis was not 
possible. Using 1 mM creatimne the transfer wave was not observable 
because as the concentration decreased, the transfer wave was seen to move 
towards more positive potentials thus transferring very close to this end of 
the window. The corresponding system at a microhole supported interface 
did also not exhibit a creatinine transfer wave. Also creatinine did not 
exhibit a facilitated ion transfer wave when DB18C6 was introduced into the 
organic phase of CELL 6.Vll. 
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Figure 6.7.3 - Cyclic voltammograms of CELL 6.VII before (A) and after (B) 




6.8 Creatinine analysis directly at the liquid/ liquid interface 
To enable the determination of low creatirune concentrations at the liquid / 
liquid interface a similar approach to the urea study was adopted. Creatinine 
deiminase was dissolved, unbuffered, free in solution in deionised water and 
used as the aqueous phase in the liquid/liquid cell. CELL 6.Vffl was set up, 
using a 20 p.m microhole, which resulted in a fairly flat potential window of 
around 700 mV in width (see Figure 6.8.1.). 
CELL 6.VIII 
Ag/AgCl/ 10mM TBACl/ 10mM TBATPBC1//Deimm in H20 






0.1 	0.2 	0.3 	0.4 	0.5 	0.6 	0.7 	0.8 
E/ V 
Figure 6.8.1. - Cyclic voltammogram as in CELL 6. VIII using a dissolved solution 
of creatinine deiminase as the aqueous phase. Scan rate = 100mVs 1 . 
Obviously many of the same problems encountered with the urea/urease 
system apply to the study of the creatinine/creatinine deiminase system. The 
inability to buffer the system was again the major concern. CELL 6.D( was 
then set up to study the creatinine/creatinine deiminase enzymatic 
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production of the ammonium ion. The transfer phenomenon of interest was 
again the facilitated ammonium ion transfer effected 'I by the crown ether 
DB18C6. The liquid/liquid cell was equilibrated in a thermostatted water 
bath at 37°C before any measurements were made. This value corresponded 
to the optimum operating temperature of the enzyme. 
CELL 6.IX 
Ag / AgCI /10mM TBAC1 "10mM DB18C6 	x Units/nil Creatinine 20mM TBATPBCI' Ix  in H20 /AgCI / Ag' 
x=0.5 and 5 
Concentrations of 0.5 and 5 Units /ml of creatinine deiminase in deionised 
water were used as the aqueous phase. The experiments were carried out as 
with urea/urease systems where the addition of 200 j.tM aliquots of 
creatinine resulted in the calibration graphs of Figure 6.8.2. It can be 
concluded from these that each addition of creatinine does not result in a 
constant rise in the steady state current observed. This can again be 
attributed to the absence of an enzyme buffer in the aqueous phase. The 
optimum pH range over which creatinine deiminase operates most 
efficiently is 8.5 - 9.5 [166]. The pH of an unbuffered solution of creatinine 
deiminase (0.5 Units/ml) was 6.1 moving to around 9 on the addition of 1000 
pM of creatinine. These sharp changes of pH may cause partial denaturing of 
the enzyme or act to deactivate parts of the enzyme which are necessary for 
activity. Therefore, to enable the study of this reaction at the liquid/liquid 
interface it was necessary to have the enzyme buffered to ensure maximum 
catalytic efficiency. This was only feasible if, as before, a gas permeable 
membrane was introduced into the sensor make up. 
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Figure 6.8.2 - Calibration plots of the steady state current produced as aresult of the 
facilitated ammonium ion transfer as in CELL 6.IX. 
6.9 Creatinine determination utilising an ammonia gas permeable 
membrane 
Creatinine deiminase buffered at pH 8.0 using a 0.2 M Tris-HC1 buffer 
solution (2mls) was introduced into the Teflon/gas permeable membrane 
cell as described in 6.4. The experimental procedure was the same as with 
the urea/G.P.M system. Figure 6.9.1 shows the facilitated ammonium ion 
transfer current developed for this system on the addition of 1 mM 
creatinine to CELL 6.X, where the aqueous phase was now simply water. 
Subtraction of the baseline current of Figure 6.9.1 from the experimental data 
resulted in the calibration plot of Figure 6.9.2. This showed a linearity, of the 
steady state current developed, with the addition of up to 1 mM creatimne 
(currents measured at 525 my). This detection range was sufficient for the 
determination of creatinine concentrations in serum which are commonly in 
the region of 160 
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CELL 6.X 
20m 	 Water I A M TBATPBC1 	 .lITeflonl Buffered Ag I AgCI I 10mM TBACI 	DB18C6 / I gCI I Ag flGPM I Creatinine 
Deiminase 
Attempts were made to immobilise the creatinine deiminase onto the surface 
of the gas permeable membrane using the method of Masciru and Guilbault 
[110]. However, the membranes produced gave a poor response to the 
addition of aliquots of creatinine. The source of the problem seemed to be 
poor adhesion of the enzyme to the membrane. Unfortunately, due to the 
high cost of the enzyme, this problem was unable to be solved using 
alternative immobilisation techniques. This seemed to be the main obstacle 
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Figure 6.9.1 - Cyclic voltammograms of ammonium facilitated ion transfer as in 
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Figure 6.9.2. - Calibration plot from steady state waves of Figure 6.9.1. 
The direct determination of any ionic species, in either blood or urine, is 
inherently difficult due to the presence of many different possible 
interferents. Table 6.1 gives typical concentration levels of some of the main 
components, in blood and urine, for an average human being [117]. 
Urine (conc./mM) Blood (conc./mM) 
ammonia 40 0.4 
urea 350 5 
creatinine 11 0.16 
sodium 140 140 
potassium 40 3 
calcium 4 0.8 
magnesium 5 0.5 
chloride 150 2.5 
Table 6.1 - Concentrations of some species present in the blood and urine of an 
average human being. 
As urine is effectively a highly concentrated aqueous solution, the 
possibility exists to effect ion transfer to and from this medium. CELL 6.XI 
was set up which utilises undiluted urine as the aqueous phase of a 
liquid/liquid system. 
CELL 6.XI 









Figure 6.10.1 - Cyclic voltammogram using undiluted urine as the aqueous phase 
electrolyte as in CELL 6.IX. Scan rate = 100 mVs 1 . 
Figure 6.10.1 shows the cyclic voltammogram recorded using the above cell 
composition. A flat potential window of around 500 mV in width was 
obtained. To the same cell, 0.5 mM of DB18C6 was added to the oil phase to 
see if facilitated ion transfer reactions were possible using this media. Figure 
6.10.2 shows that a reversible facilitated ion transfer wave was observed with 
this system. This was most probably as a result of complexation with sodium 
or potassium ions which, as can be seen from Table 6.1, are present in urine 
at high concentrations. A simulated urine mixture containing 140 mM NaCl 
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and 40mM KC1, using an identical cell composition, resulted in a facilitated 
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Figure 6.10.2. - Cyclic voltammogram of the assisted ion transfer of ionic species in 
urine as in CELL 6.IX. Scan rates = 10,30,50, 80 and 100 mVs -1 . 
This result could open up new routes for the determination of metabolite 
species using the liquid/liquid interface. The coupling of polymer 
membranes, ion exchange resins and dialysis membranes with liquid/liquid 
systems could impart enough selectivity to allow determination of many 
important species. Also drug molecules, some of which have been observed 




The work presented in this chapter shows that it is possible to follow 
enzymatic reactions at the liquid/liquid interface. The enzyme systems 
studied were the urea/urease and creatinine/creatinine deiniinase reactions, 
both of which produced ammonia gas/ammonium ion. The ammonium ion 
was then detected by facilitated ion transfer using the synthetic crown ether 
DB18C6 as the ionophore. Linear calibration plots up to the addition of 4 
mM urea (immobilised/GPM system) and 1 mM creatinine (creatinine 
deiminase free in solution/GPM system) were observed. These detection 
limits were equivalent for those necessary for the assay of these analytes in 
whole blood samples. It was also shown that ion and facilitated ion transfer 
reactions can be studied using undiluted urine as the aqueous phase of a 
liquid/liquid system. 
The sensing mechanism investigated in this chapter is proposed as a generic 
type sensor. The analyte to be detected could be easily altered simply by 
immobilisation of an alternative enzyme which produces ammonia 
gas/ammonium ion as part of its enzymatic reaction. Some other possible 
detectable analytes include: 
L-phenylalanin 
L-Phenylalanine 	trans-dnnamate + NH3 
enzyme - Phenylalanine ammonia-lyase 
L-Glutamate 
L-Glutamate + H20 + NADP 	2-Oxoglutarate + NH + NADPH + H 
enzyme - Glutamate dehydrogenase 
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L-Leucine 
L-Leucine + NAD +1120 	a-Ketoisocaproate + NH3 + NADH + H 
enzyme - Leucine dehydrogeriase 
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Chapter Seven 
The modified liquid I liquid interface 
As previously mentioned, if the liquid/liquid interface is to be of any 
commercial use, its properties must be altered in such a way that it can be 
incorporated into a device which is amenable to mass production. In this 
chapter, ion transfer phenomena are described for various forms of modified 
liquid/liquid interfaces (Nafion coated, solidified, and mixed solvent 
organic phase) where the practicability of the 'transfer of technology' is 
assessed. 
The perfluorosulfonate ionomer Nafion®  has attracted much interest in 
recent years, with important applications in areas such as electrolysis cells, 
solid polymer electrolyte fuel cells, and as membranes in ion selective 
electrodes (ISE's). These polymers have the structure illustrated in Figure 
7.1.1 and show excellent chemical inertness and low chemical resistance. As 
a result of these favourable properties, intensive studies have been made to 
understand the mechanical, structural, chemical, and transport properties of 





where: m =5-13.5 
n = ca 1000 
z = 1,2,3.... 
Figure 7.1.1 - Structure of Nafion 
Nafion is an non crosslinked high molecular weight polymer, possessing an 
ion clustered morphology, resulting in interesting differences in the 
diffusional behaviour of ions through the polymer [171]. These ionic dusters 
contain the polymer attached ion, its counterion, and water of hydration as 
well as some of the polymer chain material. The hydrophilic, negatively 
charged sulfonate group in Nafion allows the pre-concentration of cations by 
electrostatic interaction, whereas, the hydrophobic fluorocarbon network of 
the polymer gives it ionic selectivity for hydrophobic organic cations by 
hydrophobic interaction. These two factors give Nafion selectivity for 
cations, and especially high selectivity for hydrophobic organic cations. 
Martin and Freiser [172] have demonstrated, in ISE studies based on Nafion, 
this preference for large hydrophobic cations relative to smaller organic and 
inorganic cations. Their conclusion was that the ionic duster regions must be 
rather lipophilic in nature. Steck and Yeager [173] showed, using metal 
counterions, that the water content of the ionic clusters decreased as the size 
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of the counterion increased. Thus, large counterions would produce ionic 
dusters of very low water content. Water is thought to act as a plasticizer for 
the ionic cluster region, therefore, as the water content of the cluster 
decreases the po1ymer'chain material should play an increasingly important 
role in the chemical properties of the polymer. Also, since the 
tetrafluoroethylene backbone in Nafion has an extremely low dielectric 
constant, it is not surprising that the ionic cluster region resembles a 
lipophilic phase when a large organic cation is the counterion. 
The majority of studies on Nafion have been performed on the conventional 
1100 and 1200 equivalent molecular weight membranes, however, a solution 
of the cation exchange polymer prepared from a Nafion 117 membrane in a 
mixture of lower aliphatic alcohols and 10% water is commercially available 
from Aldrich. To achieve this solubilised membrane solution it is necessary 
to heat the solid Nafion to high temperature and pressure [174]. As the 
temperature is increased, the fluorocarbon chains develop enough mobility 
to adjust to a more highly swollen state [175]. At even higher temperatures, 
the fluorocarbon phase melts and permits the ionic phase to dissolve in a 
mixture of alcohol and water. Thus, the morphology of any solution cast 
ionomer film is critically dependent on the configuration of the polymer 
chains in the ionomer solution. It is therefore critical to understand the 
characteristics of the perfluorosulfonated ionomer solutions [176,177]. Light 
and small angle neutron scattering studies have shown that these solutions 
are, in fact, colloidal suspensions. Pineri et al [178] suggested that the 
suspended particles resemble regular micelles with the charged sites 
extending out into the solution and the hydrophobic chain material buried 
into the interior (See Figure 7.1.2(1 and 2) and so the temperature needed to 
dissolve Nafion is simply the temperature to achieve phase inversion. 
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Figure 7.1.2 - Structures of (1) Solid and (2) Dissolved Nafion 
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This dissolved form of Nafion has been widely used to alter the performance 
of solid electrodes in the form of membrane coatings in order to achieve 
improved performance and selectivity [179,180]. The present study shows 
the influence of the dissolved polymer membrane on the interface between 
two immiscible electrolyte solutions (ITIES). Nafion was added to the 
aqueous phase of a cell used for the study of ion transfer reactions at the 
ITIES, resulting in a characteristic adsorption/ transfer process. The 
phenomenon of adsorption at the ITIES has received much attention since it 
was first reported by Gustalla [4]. He observed a change in the interfacial 
tension which was attributed to the presence of the cationic surfactant 
molecule hexadecyltrimethylammomum (HTMA). Since then many parallel 
studies have been conducted to study the effect of surface active ions on the 
ITIES [70-77] (see 1.7). With regard to Nafion, the only similar study to have 
been performed involving ion transfer was by Samec et al [181], where a 
solid Nafion membrane (Nafion 117, 0.007 in thick) was sandwiched 
between two electrolyte solutions. Their results however, focused mainly on 
the effect the presence of the membrane had on the ion transfer process and 
not on the resultant effect due to the properties of the membrane. The results 
presented herein show that the negatively charged Nafion polyelectrolyte is 
observed to transfer at the mES. The transfer is postulated to occur as a 
result of the formation of an adsorbed Nafion film at the interface. The 
feasibility of Nafion transfer is given strength by the observed reversible ion 
transfer of the trifluoromethanesulfonate (or triflate) anion (CF3S03), at 
similar potentials to that proposed as Nafion transfer. The triflate anion is 
structurally representative of the sulfonated chain of the polymer. 
All experiments were carried out in a thermostatted bath at 25±0-5 °C. The 
electrochemical cell used was the same as described in section 2.8.1 with a 
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surface area of 1.13±0.02cm 2. The Nafion polymer used was a 5 wt% 
solution in a mixture of lower aliphatic alcohols and 10% water (Aldrich - 
Hydrogen ion form - equivalent. wt. 1100). The water used was of Millipore 
HQ quality. All the half wave potentials were referred to the half wave 
potential of tetramethylammonium (TMA) obtained by adding a 
predetermined amount of (TMA)2SO4 to a blank cell. 
In order to obtain information on the transfer and adsorption of Nafion at 
the fliES the system described in CELL 7.1 was set up. The counterion in the 
aqueous phase was varied using the full range of alkali metal cations as well 
as Ht The resulting potential window is shown in Figure 7.1.3(a). 
CELL 7.! 
10mM DO /10mM BTPPATPBC1 /110mM XC! / AgCI / Ag' Ag / AgCI '1mM BTPPAC1 
X = H,Li,Na,K,Rb and Cs 
To the aqueous phase, i.e. NaCl for Figure 7.1.3(a), 10 tl of Nafion was 
added and left for 1 minute to allow transport to the interface. Then, cyclic 
voltammograms were recorded by continuously scanning at 1OOmVs 1 as 
shown in Figure 7.1.3(b). Two peaks can be clearly identified which are 
labelled peak A and peak B. Soon after addition of the Nafion solution to the 
aqueous phase, peak A began to develop and its magnitude reached a 
maximum value with continuous scanning. Figure 7.1.4(a) shows the scan 
rate (u) dependence of this peak, where the forward and reverse peaks occur 
at the same potential and there exists a direct proportionality between the 
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Figure 7.1.3 - Cyclic voltammogram showing the potential window given by CELL 
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Figure 7.1.4 - Cyclic voltammogram showing the transfer wave of adsorbed Nafion 
(a) with the plot of the scan rate versus the peak current (b). 
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adsorption, and this peak was attributed to the transfer of adsorbed Nafion 
at the water/1,2-dichloroethane interface. In this case, the Nafion is likely to 
exist as a hydrated polyelectrolyte which undergoes a 
dehydration/resolvation reaction of the type likely to occur for any ion 
transfer reaction. The initial appearance of peaks Bi and B2 can be seen on 
this figure. It was only when peak A reached a maximum value that peak Bi, 
at more positive potentials, began to grow and soon overtook peak A. The 
magnitude of this peak was also proportional to the scan rate (see Figures 
7.1.5a and b). This peak was also attributed to the transfer of the adsorbed 
Nafion polymer, from water to oil, which occurred at roughly similar 
potentials for all of the systems studied. However, the return peak for 
transfer from oil to water, (B2) developed at different potentials depending 
on the nature of the counter cation present in the aqueous phase. This is 
shown in Figure 7.1.6 where, using the negative end of the potential window 
as a reference (limitation by Cl ion transfer from water to oil) the return 
peak was seen to move to more positive potentials with smaller cations. 
Thus there exists a characteristic peak to peak separation of Bi and B2 which 
depends on the identity of the cation in the aqueous phase supporting 
electrolyte. The larger the ion, the smaller the separation as shown in Table 
7.1. This point was emphasised when potassium and ammonium ions were 
used (very similar ionic radii) as the aqueous phase counterions. Addition of 
Nafion resulted in almost identical peak to peak separations. 
These observations allowed us to postulate that peak B corresponded to the 
transfer of adsorbed Nafion, which was different in structure to the hydrated 
polyelectrolyte chain and was likely to have undergone some structural 
reorganisation in the mixed solvent layer. The fact that the transfer potential 
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Figure 7.1.5 - Cyclic voltammogram (a)showing the scan rate dependence on peaks 
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Figure 7.1.6 - Comparison of Nafion adsorption /transfer peaks for differing aqueous 
phase supporting electrolytes. 
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Table 7.1 - Peak to peak separations, ha if wave potentials( E 	standard Galvanj 
potential differences (A' .0*') and standard Gibbs energies of transfer (AG'°) of 
Nafion, its cation incorporated form and the Trfluoromethanesulfonate anion 
(triflate). 
Ion Peak E1 h12 
separation  
E+ Et b0 ' -40 
mV mV mV mV kJmoi 1 
HC1 85 285 510 -65 -6.3 
Licl 75 332.5 500 -7.5 -0.7 
NaCl 67.5 302.5 500 -37.5 -3.6 
KC1 45 300 520 -55 -5.3 
NH4C1 47.5 295 520 -60 -5.8 
RbC1 40 262.5 490 -67.5 -6.5 
CsC1 30 275 510 -75 -7.2 
Nafion - 227.5 500 -112.5 -10.9 
Triflate - F207.5 	1 515 -147.5 -14.2 
restructured, adsorbed Nafion was more hydrophobic than the open chain 
polyelectrolyte Nafion. We can therefore postulate that after a certain 
coverage of adsorbed polyelectrolyte Nafion, a structural reorganisation 
occurs with Nafion passing from form 2 to form 1 of Figure 7.1.2. This 
structural change is amplified upon transfer of the adsorbed Nafion. Indeed, 
penetration of the adsorbed layer into the organic phase would increase the 
passage of form 2 to form 1. This structural reorganisation of the Nafion both 
at the interface, and in the organic phase, would also explain the influence of 
the cation of the aqueous phase supporting electrolyte. The larger and less 
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hydrophilic the aqueous cation, e.g. caesium, the less compact the 
restructured adsorbed Nafion. Conversely, the smaller and more hydrophilic 
the aqueous cation, e.g. lithium, then the more compact is the restructured 
adsorbed Nafion. Upon transfer of the adsorbed, partially restructured 
Nafion, small hydrophilic cations are more tightly held than their larger 
counterparts and the film appears more hydrophobic. The degree of 
hydrophilicity of the Nafion and the subsequent cation incorporated form is 
shown in Table 7.1 in the form of the Gibbs free energy of transfer. The 
transfer of the adsorbed hydrated polyelectrolyte Nafion is more hydrophilic 
than the restructured form which, as predicted, appears more hydrophobic 
with smaller hydrophilic cations entrapped from the aqueous phase 
supporting electrolyte. Similarities can be drawn to work reported by 
Chatterjee et al [182] in the study of polyelectrolyte/transition metal 
complexes in mixed water / methanol systems. Using the complexation of 
polyacrylic acid (PAA) with copper ions, the hydrodynamic behaviour of the 
polymer during association changed considerably with differing solvent 
compositions. These changes were attributed to marked conformational 
transformations of the polyelectrolyte complex at the various solvent 
formulations. This shows that immersion in a markedly different medium 
can significantly alter the properties of the species under study. This is 
analogous to the restructuring effect of the organic phase on the Nafion 
polyelectrolyte. 
The increase in the magnitude of peaks Bi and B2, after peak A has fully 
developed, was proportional to t 1 / 2 indicating the diffusive nature of the 
adsorption process. The delay time required for the appearance of 
these peaks was found to vary, again depending on the nature of the 
counterion used. Figure 7.1.7 shows the plot of peak height vs t 1/2 for the 
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system using HC1 as the aqueous phase. In this case around 20 minutes of 
continuous scanning was required before the magnitude of the peak 
increased linearly with t 1 /2. Using the information from Figures 7.1.4(b) and 
7.1.5(b), for peaks A and Bi, it was also possible to calculate the surface 
excesses of the respective transferring forms of Nafion at any specific point 
in the experiment. The peak current is given by equation 7.1.1. 
4RT 
	 (7.1.1) 
where ,u is the scan rate (V/s 1) , A is the interfacial area andr: is the surface 
excess of the adsorbed form of Nafion before the start of the sweep. The area 
under the transfer wave, corrected for any residual current, represents the 
charge associated with the transfer of the adsorbed layer i.e. nFA[' 0 . For 
peak A depicting the adsorbed hydrated polyelectrolyte Nafion transfer, 
using data from figure 7.1.4(a), the surface excess (F) was calculated to be 
1.13 x 10 7mol/m2 which represents an area of 14.7nm 2/molecule. A similar 
calculation was performed for peak Bi, using data from figure 7.1.5(b), the 
value for r: was found to be 9.42 x 10 mol/m2 which equates to an area of 
0.17nm2 /molecule. Quite clearly this information tells us that the cation 
incorporated form of Nafion has a greater associated charge and thus the 
resultant adsorbed form must be of a more compact nature than the initially 
adsorbed hydrated polymer form. 
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Figure 7.1.7 - Plot of the increase in the peak height of B1 in cm versus the square 
root of the time (sec) using HC1 as the aqueous phase supporting electrolyte. 
Addition of Nafion to the organic phase resulted in an immediate precipitate 
being formed at the interface. This was likely to be a BTPPA-Nafion 
complex as the Nafion would be highly attracted to the large hydrophobic 
BTPPA ion. The insolubility of this complex in the organic phase adds 
strength to our hypothesis. Furthermore, addition of methanol and ethanol 
to a blank cell, to simulate the solvent mixture of the Nafion solution, had no 
effect on the resultant voltammograms. 
To confirm that Nafion transfer was feasible, the transfer of the anion, 
CF3S03, was studied using CELL 7.11. 
CELL 7.11 
Ag I AgC1 1 lmM B TPPA Cl 110mM BTPPATPBC1 / ,lmM LiCF3SO3 / AgC1 / Ag' 10mMLiCI 	 1OmMLiC1 
Figure 7.1.8 shows the reversible ion transfer of the 
trifluoromethanesulfonate (triflate) anion, having 60mV peak to peak 
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separation, indicative of the transfer of a singly charged species where the 
peak current (Iv)  was also proportional to the square root of the scan rate 
(u"2). The diffusion coefficient of the triflate anion in the aqueous phase was 
calculated to be 6.1 x 10cm 2sec 1. As shown, the transfer occurred at a very 
similar position, to the proposed Nafion transfeE, in the potential window. 
The transfer occurred at a slightly more negative potential than that 
observed for Nafion, indicating that the trifluoromethanesulfonaté anion 
was slightly more hydrophilic than Nafion. This was confirmed with a value 
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Figure 7.1.8 - Cyclic voltammogram showing the transfer of the 
trifluoromethanesulfonate anion (negative potentials) referenced against the transfer 
of TMA (positive potentials) as in CELL 7.11. Scan rate = 10mVs 1 . 
iE1 
7.2 Organic Gel Electrode 
The liquid/liquid interface, by its very nature, is not a physically stable 
phase boundary. Any small perturbation to the system under study can 
seriously affect the accuracy of the measurement of phenomena at this 
interface. Thus, it is clear that regardless of how good an analytical 
procedure one may have developed, consideration of the amenability of the 
sensing structure to mass production are of prime importance if any practical 
sensing device is to be realised. Thus, one of the main challenges for 
electrochemical methods based on the liquid/liquid interface is to find an 
organic phase immiscible with water, ionically conducting and, if possible, 
mechanically solid. The same challenge was faced by those who developed 
Ion Selective Electrodes some twenty years ago, as an ISE is simply a 
potentiometric electrochemical method based on the liquid/liquid interface. 
The answers for ISE manufacturing included the use of silicone rubber gums 
and PVC-plasticizer gels charged with a hydrophobic salt [144,183-185]. It 
was thus attempted to apply this type of technology to the production of a 
solidified organic phase. 
7.2.1 Silicone rubber membranes 
Marrazza and Mascini [183] used silicone based membranes in the 
preparation of a calcium selective electrode. They used a membrane 
'cocktail' of ionophore, electrolyte, siloprene (a silicone rubber selectophore 
marketed by Fluka) dissolved in chloroform. A sioprene crosslinking agent 
was then added to this mixture which was poured into a small dish where 
the solvent was allowed to evaporate. Evaporation of the solvent resulted in 
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a solid membrane which could then be removed and used as part of the ISE. 
A similar approach was adopted to the production of a siloprene based 
organic phase for use in a liquid/liquid system. Membranes were made with 
the following components and composition: 
25.5 mg 	o-Nitrophenyloctylether (pasticizer) 
1 mg 	 BTPPATPBC1 (supporting electrolyte) 
100 mg 	sioprene 
all dissolved in 300 p1 of chloroform 
Once the above mixture had dissolved, 22 mg of the siloprene crosslinking 
agent was added and the resulting solution was mixed thoroughly. 100 W's 
of this solution were then placed on top of a cellulose dialysis membrane, 
which had been sealed onto the end of a piece of glass tubing (see Figure 
7.2.1). This procedure resulted in a film thickness of between 50 and 100 pm 
with a membrane area of approximately 1.2 cm 2. CELL 7.ffl was set up to see 
if a basic potential window could be observed using the siloprene as a 
replacement for the organic phase. A two electrode system was used in the 4 
electrode mode of the large I11ES. In this set up both the reference and 
counter electrode terminals of the potentiostat and the zerostat were 
connected to a Ag/AgC1 reference electrode. 
CELL 7.111 
10mM LiCI ,Siloprene /110mM NH 4CI / AgCI / Ag' Ag I AgC1 '1mM BTPPAC1 membrane 
Figure 7.2.2 shows the response obtained using the cell composition of 7111. 
The recorded voltammogram shows the characteristic features of a potential 
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window, however, the system was far too resistive to permit good analytical 
measurement. The zerostat allowed for the compensation of up to 10 kL) of 
solution resistance. The system of CELL 7.1111 was compensated to the limit of 
the zerostat and yet the resistance of the system was still approximately 5 k.Q 
(estimated from the slope of the voltammogram in Figure 7.2.2). The 
addition of ionophore to the membrane cocktail made little difference to the 
response obtained from membranes manufactured in a similar manner. The 
resistivity could possibly be reduced if the proportion of plasticizer (o-
N1'OE) in the membrane 'cocktail' was increased in the hope that increased 
mobility within the membrane would lend itself to easier analytical 
measurement. 
Ag/AgCl 
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Figure 7.2.2 - Cyclic voltammogram obtained with the set up of Figure 7.2.1 as in 
CELL 7.111. Scan rate = 10mVs 1 . 
7.2.2 Polymer-plasticizer membranes 
As previously mentioned, ISE technology extensively uses PVC-plasticizer 
gels, in a membrane form, as the main mode of transduction for ion sensing. 
These membranes typically have a composition of 2/3 by weight plasticizer 
and 1/3 by weight PVC with appropriate concentrations of ionophore and 
electrolyte. Armstrong et al [187] studied the solvent properties of these type 
of membranes. They concluded that the membrane behaved as a viscous 
non-aqueous solvent of low dielectric constant. The interface between the 
polymeric membrane and an aqueous electrolyte could be ideally polarised 
with a suitable choice of hydrophilic and hydrophobic salts in the adjacent 
phases. The part of the double layer situated in the polymeric phase was 
found to have a predominately diffuse character which is analogous to the 
electrical double layer at the 1TIES. 
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7.2.3 - Facilitated ammonium ion transfer by Dibenzo-18-crown-6 using o-
NPOE as the organic phase solvent 
Ortho-nitrophenyloctylether is a favourite solvent (plasticizer) for the 
membranes of ISE's. It is a hydrophobic solvent of medium permittivity (c = 
24.2) and low viscosity. It allows for good dissolution of ion carriers and 
hydrophobic ions, it possesses a low vapour pressure and has a low 
solubility in water. These properties also make the solvent applicable as an 
organic phase solvent for studies at the ITTES. It was for this purpose that 
Valent et a! [84] used o-NPOE to study the transfer of various ions across its 
interface with water. Another publication by Sawada et a! [186] used o-
NPOE as the organic phase solvent to study selected ion and facilitated ion 
transfer reactions. Due to its favourable properties as an organic phase 
solvent for studies at the 1TJ.ES, the facilitated ammonium ion transfer by 
DB18C6 was investigated using o-NPOE as in CELL 7.IV. 
CELL 7.IV 
10mM LiC1 	10mM BTPPATPBCI Ag / AgC1 1 lmM BTPPACI "0.5mM DB18C6 	/110mM NH 4 C1 / AgCI I Ag' 
Figure 7.2.3 shows the cyclic voltammogram recorded using the system of 
CELL MV. A facilitated ammonium ion transfer wave was observed with a 
60mV peak to peak separation and a peak current proportional to the square 
root of the scan rate (see Figure 7.2.4). These factors indicated that the 
transfer process was reversible and diffusion controlled. The diffusion 
coefficient of the DB18C6 in the o-NPOE, calculated from the gradient of 
Figure 7.2.4, was found to be 6.1 x 10 7cm2seC1 . This was approximately one 
order of magnitude less than the value calculated for the same ionophore in 
1,2-DCE. Due to the increased viscosity of the organic phase solvent (1.38 cP 
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[84] cf 0.78 ci' for 1,2-DCE) this difference was not unexpected. However, 
there seems to be some incompatibility with the application of Walden's rule 
in this case where a value of half that measured for the diffusion coefficient 
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Figure 7.2.3 - Cyclic voltammogram of the facilitated ammonium ion transfer by 
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Figure 7.2.4 - Plot of the peak current versus the square root of the scan rate using 
data from the cyclic voltammogram of Figure 7.2.3. 
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The use of PVC in conjunction with o-NPOE was utilised to make 
membranes in a similar manner to those with siloprene. However, no 
improvement over the response of Figure 7.2.2 was achieved using the cast 
membranes. Therefore an alternative material was sought for use as a 
solidified organic phase to be used in the sensing structure. The polymer 
ethyleneglycol dimethacrylate (EGDMA) [188] was reported to be of a 
hydrophobic nature. Supporting electrolytes such as TBATPBC1 and 
BTPPATPBC1 were found to be readily soluble in this polymer and the 
resulting solution, when used as the organic phase in a liquid/liquid system, 
yielded a potential window of around 400mV in width. The monomer unit 
has an empirical formula of C 10H1404 which can be polymerised in two 
ways. Figure 7.2.5 shows a possible structure for the polymerised form of 
EGDMA. Sakai et al [188] reported that the monomer unit could be 
polymerised by heating at 80°C for 48 hours under a nitrogen atmosphere. 
Koudelka-Hep et a! [189] reported the use of dimethoxyphenylacetophenone 
to initiate a radical photopolymerisation reaction by exposing the monomer 
to UV light. A polyester sheet had to be placed over the monomer mixture to 
avoid oxygen quenching of the photopolymerisation reaction. This approach 
produced good quality polymer films which adhered to the polyester 
support. 
/ 	
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Figure 7.2.5 - Possible structure of EGDMA in the polymerised form. 
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Even though it was possible to use EGDMA as an organic phase solvent in 
liquid/liquid studies, the solvent properties of the monomer unit were not 
ideal. As Figure 7.2.6.E shows, when CELL 71V was used to study the 
facilitated ammonium ion transfer by DB18C6, using 100% EGDMA as the 
organic phase solvent, a reversible transfer wave was not observed. 
Compare this to 7.2.6(A) for 100% o-NPOE where a reversible facilitated ion 
transfer wave was readily observed. Figure 7.2.6(A) - (E) catalogues the 
cyclic voltammograms recorded, as in CELL 7W, where voltammograms B, 
C and D represent solvent mixtures of o-NPOE and EGDMA. In 7.2.6(B), 
where the proportions were 50:50, the facilitated ion transfer wave was still 
observed. As the percentage of EGDMA in the solvent mixture was 
increased the characteristics of the wave were seen to diminish and it 
appeared to be very close to the positive limits of the potential window 
(7.2.6.E). Armstrong et al [190] reported a similar study on a PVC/o-NPOE 
system where the free rotation of the o-NPOE molecules were observed to 
decrease as the PVC chains were added. This resulted in a decrease of the 
ionic mobility within the mixture with increasing PVC content. Thus, the 
mobility of the DB18C6 within the EGDMA/o-NPOE mixture would be 
expected to become more sluggish with increasing EGDMA content. 
Therefore, any membrane manufactured on the basis of this solvent mixture 
would seem to necessitate the addition of at least 50% o-NPOE to plasticize 
the membrane. 
196 
(B - 50:50) 
C-30:70) 
(D - 10:90) 
(E - 0:100) 	 A 	2 x 10 A 
O 	oi 	0:2 	0:3 	0:4 	0:5 	0:6 	0:7 
E/V 
Figure 7.2.6 - Cyclic voltammograms recorded as in CELL 7.IV representing 
different solvent mixtures of o-NPOEEGDMA (A) 100:0, (B) 50:50, (C) 30:70, 
(D)10:90 and (E) 0:100. Scan rate (B) - (E) = lOOmVs 1 . 
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Attempts were then made to polymerise a EGDMA/lOmM BTPPATPBC1 
solution onto the surface of a polyester membrane containing a single 20 p.m 
microhole. The ability of this cast polymer to function as a solidified organic 
phase of a liquid/liquid system was investigated using a similar set up and 
system to that in Figure 7.2.1. The cast polymer membrane was polymerised 
using the method of Koudelka-Hep et a! [189] and the experiment was 
performed using the methodology described in 2.8.2 for the micro-ITIES. As 
can be seen from Figure 7.2.7 the cyclic voltammogram resulting from the 
EGDMA system was found to be very resistive and not amenable to 
analytical measurement. However, the characteristics of a potential window 
are evident. Problems were also encountered at the polymerisation stage 
when large quantities of o-NPOE were added to the monomer mixture. The 
tendency being for the cast polymer to stay in a liquid state or to slightly 
increase in viscosity. Clearly, further studies are necessary before this 
technology will function as proposed and the acquisition of a spin coater to 








0 	0.2 	0.4_ 	0.6 	0.8 	1.0 
EIV 
Figure 7.2.7 - Cyclic voltammogram of a system containing a polymerised EGDMA 
membrane cast over a 20pm single microhole, using the set up of Figure 7.2.1 
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7.2.4 Urea strip 
The search for a hydrophobic gel to replace the organic phase of a 
liquid/liquid system builds towards the ultimate aim of the project which is 
to design a generic disposable sensor. This sensor could then be modified for 
specific analytes by combination with an immobilised enzyme. The main 
analyte which the proposed sensor would detect was urea. A possible sensor 
structure for the detection this species is proposed in Figure 7.2.8. The 
envisaged application would be for spot and emergency testing, for example 
in a doctor's surgery. The stacked structure proposed below can be achieved 
by a procedure which uses thick film technology and relies on techniques 
such as screen printing of inks e.g. silver/silver chloride or spin/dip coating 









Figure 7.2.8 - Urea strip biosensor 
Immobilised enzyme layer 
Teflon gas permeable membrane 
Hydrogel layer 
Laser drilled microhole array 
Organic polymer gel containing an ionophore 
Hydrogel containing organic phase reference electrolyte 
Screen printed silver/silver chloride reference electrode 
Polycarbonate support 
A reference silver/silver chloride electrode would be screen printed onto a 
suitable substrate e.g. polycarbonate. After a drying process, a thin layer of 
hydrogel containing tetrabutylammonium chloride is cast, spin coated, or 
screen printed onto the reference electrode. This two layer assembly would 
provide a good reference electrode for the organic phase containing a 
tetrabutylammonium salt. The organic gel is then cast on one side of a 
polyester membrane containing a laser drilled microhole array. The use of 
the microhole array should increase the sensitivity of the analytical 
measurement. A hydrogel would then be cast on the other, hydrophilised, 
side of this microhole array with a silver/silver chloride reference situated in 
this layer. A Teflon gas permeable membrane, with immobilised urease, 
would then be placed on top of this layered structure and the device 
assembled by lamination. 
7.3 Conclusions 
The first part of this chapter showed how the addition of a solution of the 
perfluorinated suiphonic acid ion exchange polymer, Nafion, to the aqueous 
phase of a cell used for the study of ion transfer at the flIES resulted in 
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characteristic adsorption/ transfer peaks. These were attributed to the 
transfer of: 
- the open chain hydrated polyelectrolyte (form 1 - Figure 7.1.2.). The Gibbs 
energy of transfer of the polyelectrolyte is similar to that of the 
trifluoromethanesulfonate anion. 
- a restructured form of Nafion (form 2 - Figure 7.1.2.) generated by the 
presence of a non aqueous solvent in the mixed solvent layer representing 
the liquid/liquid interface. 
In the second part of this chapter, attempts were made to produce a 
solidified organic phase for use in a urea biosensor using the ITIES as a 
transducer. The silicone rubber gum sioprene and the methacrylate polymer 
EGDMA were investigated for this purpose. In both cases the 'solidified' 
liquid/liquid interface was found to be highly resistive. The way forward 
would appear to involve using EGDMA in combination with the plasticizer 
solvent o-NPOE. The methodology and technology described in the previous 




Conclusions and Future Work 
It has been shown that the ITIES represents a very interesting class of ionic 
transducer for chemical sensor design. The test system, where - the 
ammonium ion is detected by facilitated ion transfer reactions, demonstrates 
that the ionic currents produced at the ITIES can be used for the 
amperometric assay of this ion. It has also been shown that ion transfer 
reactions can be studied, even when there is little, or no, supporting 
electrolyte added to either of the phases in a liquid/liquid system. The 
combination of the features mentioned above, allowed the direct study of 
enzymatic reactions at the ITIES, where the detection of physiological levels 
of urea and creatinine has been shown. 
The main disadvantage of the liquid/liquid interface as an analytical tool is 
that it is not as user friendly as a metallic electrode which can simply be 
dipped into a solution. Thus, the solidification of one or both of the 
immiscible phases is of prime importance. The search for polymers which 
possess hydrophobic and hydrophilic properties should be investigated 
fully. One solution to the production of an alternative organic phase could be 
to try the family of Nafion gels which have been reported in the literature 
[195,196]. These gels are reported to be hydrophobic, chemically inert, and 
good ionic conductors. Hydrophilic polymers such as 2-Hydroxyethyl 
Methacrylate (HEMA) have had significant applications in biomedical fields 
[197,198]. The monomer unit is water soluble and gives a hydrogel after 
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polymerisation. The use of this polymer as an alternative for the aqueous 
phase could yield interesting results. 
Clearly, further technical development is necessary before a generic sensor 
based on charge transfer reactions at the fl'IES can be realised. The analytical 
approach adopted for the enzymatic analysis is very simple, and ignores 
many important factors, such as the kinetics of the enzyme reaction and the 
diffusional properties of the ammonia through the gas permeable 
membrane. Investigation of these processes is necessary in order to optimise 
the measured signal. 
Once the proposed device has been successfully characterised, then the 
methodology could feasibly be applied to other types of reactions such as the 
oxidation of catecholamines by Mono-Amine-Oxidase (M.A.0). M.A.O is a 
flavoprotein oxidase which converts neuroactive amines into inactive 
aldehydes, which are in turn oxidised to dihydroxyphenylacetic acid or 
reduced to dihydroxyphenylethanol. The aldehyde formation occurs via the 
formation of an aldimin which is then rapidly oxidised to give the aldehyde 
and ammonia. Thus, it is the ammonia formation which would be detected 
to allow the assay of catecholamines. 
Chemical sensors based on the ITIES, although still very much in a 
developmental stage, show great promise for the detection of metabolite 
species of clinical interest. It is hoped that through the marriage of 
liquid/liquid electrochemistry, biochemistry, and microelectronics a new 
class of sensor could be realised, which when fully developed could form the 
basis of many analytical systems. 
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Appendix One 
A major problem in the determination of ammonia /ammonium ion 
concentrations by electrochemical methods, utilising AgIAgCl reference 
electrodes, is the dissolution of the salt by the ammonia itself. This results in 
the formation of an arnniine complex (complexes containing ammonia co-
ordinated to the acceptor atom), of linear coordination, with the formula 
[Ag(NH3)2
] [
199]. Thus, any system involving ammonia /ammonium ion 
detection must be safeguarded against this problem. 
As a method of monitoring ammonia concentrations in the aqueous phase of 
a liquid/liquid system, CELL XI was investigated. 
CELL XI 
Ag / AgC1 / 10mM TBAC1 / 10mM TBATPBC1/ ,lOmM NiCl2 / AgC1 / Ag' +NH3 
It was proposed that the addition of ammonia to an aqueous NiC12 solution 
would result in a characteristic colour change from green to blue. This colour 
change being due to the replacement of the six water ligands of the NiC12 
(hexaaquo) by six ammonia ligands (hexaamino). This change in the 
solvation of the nickel ion could feasibly manifest itself as ion transfer at the 
ITIES. Figure X.1 shows the cyclic voltammogram recorded where the 
aqueous phase of NiCl2:6H20 has been saturated with ammonia. The cyclic 
voltammogram recorded before saturation consisted of a basic potential 
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Figure X.1 - Cyclic voltammogram obtained after the saturation of the aqueous 
phase of CELL X.1 with ammonia. 
As can be seen, a reversible ion transfer wave was observed at around 
350mV. This transfer phenomenon had a 60mV peak to peak separation 
which was characteristic of a singly charged transferring species (30mV peak 
to peak separation would be observed if the Nickel ion was the transferring 
species). It was thus postulated that the addition of large concentrations of 
ammonia caused the formation of the characteristic silver/ammonia 
complex ([Ag(NH3)2]+), formed as a result of the dissolution of the Ag/AgC1 
reference electrode, and it was this complex which was observed to transfer 
within the potential window. 
205 
In order to confirm the feasibility of a silver complex transferring within the 
potential window, CELL Xii was studied. 
CELL XII 
Ag I AgC1 /10mM TBACI I 1OmMTBATPBCI ,,0.5mM AgN4 ,Saturated Calomel 10mM NaNO 3 	Electrode 
Figure X.2 shows the resulting voltanimogram where the bare silver ion was 
observed to transfer. This charge transfer reaction was of a reversible nature, 
with a peak to peak separation indicative of a singly charged transferring 
species. Using TMA as a reference, it was possible to calculate the Gibbs 
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Figure X.2 - Cyclic voltammogram of silver ion transfer 
Using the above knowledge, a correlation was attempted between the 
ammonium ion concentration and the peak currents produced as a result of 
the transfer of the [Ag(NH 3 )2]+ complex, produced on dissolution of a 
Ag/AgC1 wire, as in CELL X.M. 
KIR 
CELL X.III 
1mM B TPPA Cl 
Eif 	
,lOmM NH4C1 I AgCI I AS' Ag I AgCI "lOm iici 110mM BTPPATPBC1' + AgCI 
Once a stable potential window was obtained, 5Oiil of 5M KOH was added to 
the aqueous phase to push the solution pH towards production of ammonia 
gas and thus to the production of the [Ag(NH 3)2]+ ammine complex. Figure 
X.3 clearly shows that two transfer processes were observed. The peak at 
negative potentials (A) was attributed to the bare silver ion transfer. This 
transfer process exhibits reversible behaviour with a 60mV peak to peak 
separation. The feasibility of this wave being due to silver transfer was 
confirmed by addition of some AgNO 3 to the aqueous phase of CELL X.ffl 
which resulted in an increase in the magnitude of this peak. Comparison 
with Figure X.2 also shows that the transfer peak observed for Ag was also 
close to the negative end of the window, as was the wave of interest. 
'9 CI '-4 
X 
-4 
0 	0.1 	0.2 	0.3 	0.4 	0.5 
Ei/V 
Figure X.3 - Cyclic voltammogram showing the transfer of silver and 
silver/ammonia complex as in CELL X.III. 
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The second transfer wave (B) at more positive potentials was attributed to 
the transfer of the [Ag(NH 3 )2] complex. This peak was resolved by 
increased addition of KOH to the ammonium chloride solution, thus 
producing more. ammonia, and therefore more of the aimmine complex. This 
is shown in Figure X.4, which has 0.1 M NH40 with 200j.tl of 5M KOH, 
where the ammine complex transfer was now more prominent than the 
silver ion transfer. This also correlates well with Figure X.1 where the silver 
complex formed was observed to transfer towards the positive end of the 
potential window. The difference in the transfer potentials was probably due 
to the solvation effect the ammonia ligands have on the silver atom. 
x 
0 	0.1 	0.2 	0.3 	0.4 	0.5 
EIV 
Figure X.4 - Cyclic voltammogram showing the transfer of silver and 
silver/ammonia complexes as in CELL X.III 
Unfortunately, it was not possible to accurately correlate ammonium ion 
concentrations with peak current values. The systems studied showed erratic 
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behaviour on the addition of aliquots of 0.5 M KOH and large excesses were 
necessary to see any response at or below 1mM NH4C1. 
In conclusion, the addition of concentrated KOH to ammonium chloride 
solutions resulted in ammonia gas production and the resultant dissolution 
of AgC1 to form the ammine complex [Ag(NH3)2]+. This dissolution also 
seemed to liberate silver ions, and both these silver species were observed to 
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The purpose of the present paper is to show some of the advantages to the 
study of assisted ion transfer reactions across liquid—liquid interfaces which are 
provided by supporting micro-ITIES on glass micropipettes. 
Since the pioneering work of Koryta (4], many studies have been dedicated to 
these types of charge transfer reactions. In a series of papers in the early 1980s 
Homolka and coworkers [5-9] showed that useful thermodynamic information 
could be obtained electrochemically (e.g. association constant and stoichiometry of 
the ion—ionophore complex in the organic phase). Samec and Papoff [10] and 
Kakutani et al. till concentrated their efforts on kinetic analysis, and the general 
conclusion of their work was that assisted ion transfer reactions are as fast as, if 
not faster than, non-assisted ion transfer. 
A debate on the mechanisms of assisted ion transfer took place during the last 
decade. Unfortunately, the vocabulary used to describe the phenomena was 
borrowed from electrode kinetic nomenclature and was rather misleading. For this 
reason we shall take the opportunity of this paper to present a new terminology 
which at least has the merit of being clear. 
We shall denote an aqueous complexation reaction followed by transfer by the 
acronym AC!'. This mechanism was proposed by Lin ci al. (12], who claimed that if 
a ligand was dissolved in the organic phase, the assisted ion transfer reaction 
would take place via the diffusion of the ligand from oil to water, followed by 
complexation in the aqueous phase and transfer of the complexed ion. This 
mechanism is only viable if the ionophore is also soluble in the aqueous phase, 
which unfortunately was not the case in the systems studied, namely the assisted 
transfer of potassium by dibenzo.18-crown-6and valinomycirs [13). Santee and 
Papoff [10] and Kakutani et al. [11), however, concluded that the mechanism was 
transfer by interfacial complexation (TIC). This mechanism is favoured by choosing 
a ratio of concentration such that the ion in the aqueous phase is in excess 
compared with the concentration of the ligand in the oil phase. The third 
mechanism, ion transfer followed by complexation in the organic phase (TOC), is 
the ion transfer equivalent of an electrochemical mechanism in electrode kinetics. 
This mechanism was favoured in the early days by Koryta (4]. 
The proposed mechanisms are summarized in Fig. 1. In the case of complex 
stoichiometries, the nomenclature can easily be extended by using the same logical 
approach. For example, a 2: 1 system can be called TOC-OC for a transfer 
followed by a two-step cornplexation reaction in the oil phase or TIC-OC for a 
transfer by a 1: 1 interfacial complexation reaction followed by a second ligand 
attachment in the oil phase. 
The first part of the paper will illustrate how micropipettes can be used to 
measure the ratio of the diffusion coefficients of the ionophore and complexed ion 
in the organic phase. Then the second part will show how the asymmetry of the 
diffusion field can be used as a mechanistic tool to elucidate the reverse transfer of 
complexed potassium from 1,2-dichloroethane to water or, in our nomenclature, an 
OCT process. 
EXPERIMENTAL 
Tetrabutylammonium tetrakist4.chlorophenyljborate (TBATPBCI) was used as 
the supporting electrolyte in the organic phase. Dibenzo-18-crown6 (DB18C6) 
(Aldrich, 98%), 1,2-dichloroethane (1,2-OCE) (BDH, AnalaR), KCI (Fisons, 
AnalaR), potassium tetrabis [4.chlorophenyljborate (KTPBCI) (Lancaster Synthe-
sis), tetrabutylammonium chloride (TBACI) (Fluka, AnalaR) and LiCI (Fisons, 
SLR) were employed for preparation of the solutions. 
The pipettes were pulled from borosilicate Kwik fill glass capillaries with an 
internal diameter of 1.5 mm (Clark Electrochemical (UK)). Fabrication of mi-
cropipettes and the electrochemical set-up to implement the cyclic voltammetry 
are described in ref. 1. All the experiments were carried out at room temperature 
(20 ± 2 CC). 
RESULTS AND DISCUSSION 
The following electrochemical cell was employed for investigating potassium 
transfer across the water-1,2.DCE interface. 
Ag/AgCl/x M KCl//0.4 mM DB18C6 + 10 mM TBATPBCl/10 mm 
TBACl/AgCl/Ag 	
(I) 
where x 0.01, 0.1 or 1. 
Figure 2 shows the voltammogram of the potassium transfer across the water-
1,2-DCE interface facilitated by DB18C6. Because the concentration of K is in 
ACT 	 TOC 
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Fig. 2. Voltammogram of potassium transfer across the water-1,2-DCE interface assisted by DBI8C6 
(Cell I system): sweep rate a -100 mV/a; approximate outer pipette radius a - IS saM. 
excess compared with that of the lonophore, the steady-state wave observed is 
controlled by the spherical diffusion of the ionophore to the micro-JTIES and the 
spherical diffusion of the complexed ion away from the interface. When increasing 
the concentration of KCI, the half-wave potential for the transfer undergoes a 
positive shift and obeys the following equation (14]: 
mc -6*00 m + (RT/F) ln(Dc/DMc,] - (RT/F) ln[K 1 C + ] 	(1) 
as shown in Table 1. 
In order to study the reverse process, i.e. the transfer of a complexed potassium 
ion from the 1,2-DCE phase back to water, we used the following system: 
Ag/AgCl/y M Ka//0.4 mM KTPB + nO.4 mM DB18C6 + 10 mM 
TBATPBCl/10 mM KCl/AgCl/Ag 	 (II) 
Figure 3 shows the voltammogram obtained for n - 1, i.e. an equimolar solution 
of KTPBCI and DB18C6. Because the association constant for the complexation of 
K by DB18C6 is very high in 1,2-DCE (log K> 10) (10], it can be assumed that 
the organic phase contained 0.4 mM of the salt (KDB18C6)TPBCr. The steady-
state current obtained at positive potentials corresponds to the diffusion-controlled 
TABLE I 
Concentration dependence of the half-wave potential 
c(KCI)/M 
	
0.01 	 318 
0.10 180 
1.00 	 77 
0.4 	-03 	-0.2 	- 0.1 	6 	01 	07 	n 
f/v 
Fig. 3. Voltammogram of K DBI8C6 transfer across the water-1,2.DCE interface (cell It, n- 
system): sweep rate a - so mV/s; approximate outer pipette radius r - IS UM. 
transfer of the complexed ion to the aqueous phase, the mechanism of which is 
discussed below. A small residual current at negative potentials is observed and is 
likely to result from the presence of uncomplexed ionophore. It is worth noticing 
that the organic reference electrode in this cell is a non-polarizable interface based 
on the K exchange transfer and not on that of TBA as in cell I. Consequently, 
the potential scales are different. 
For n> 1, i.e. when the concentration of free ionophore is increased, a 
voltantmogram which combines the features of those shown in Figs. 2 and 3 is 
observed (for the case n 2, see Fig. 4). This case is analogous to a metallic 
microelectrode immersed in an equimolar mixture of the oxidized and reduced 
1.0 
0.5 
C 0 , 
0.5 
-0.3 	-0.2 	-0.1 	0 	03 	0.2 	6.3 
f/v 
Fig. 4. Voltammogram of assisted K transfer and complesed ion transfer (cell It, is -2 system): sweep 
rate a - SO mV/a; approximate outer pipette radius '-20 AM. 
N 
N 
106 	 107 
TABLE 2 
tonophore concentration dependence of the ratio of the "anodic" to the "cathodic' plateau current, 
the half-wave potential and the ratio of the diffusion coefficient of the tree ionophore to that of the 
coinplexed ion 
C A# ° /mV Dc/DMC 
2 	 1.66(1.63) —100 1.66(1.63) 
3 3.55(3.54) - 100 1.78(1.77) 
4 	 5.0(4.63) - 108 1.67(1.54) 
5 5.97(5.90) —100 1.49(1.48) 
0.5 
The values in parentheses were obtained in a second set of experiments. 
form of a redox couple. The intercept (1-0) should be equal to the formal 
potential for assisted ion transfer. One of the major difficulties in the use of 
micropipettes for quantitative data analysis is the accurate determination of the 
internal radius of the pipette and the control of the curvature of the interface. 
Indeed, we have shown that the steady-state current response of a micropipette 
lies between those of a microdisk and a microhemisphere [2]: 
4nFDcrd <i < 21rnFDcr 	 (2) 
However, in the case of the data shown in Fig. 3, the ratio of the positive to the 
negative plateau Current is proportional to the ratio of the diffusion coefficient of 
the complexed ion and the ionophore itself. Table 2 gives the values obtained for a 
series of values of it. The present approach of measuring the ratio of the two 
diffusion coefficients in one experiment is inherently accurate as it is independent 
of the radius of the pipette used and of the curvature of the interface, which is 
difficult to reproduce between experiments. 
The data of Table 2 indicate unambiguously that the diffusion coefficient of the 
ionophore is about 1.6 times greater than that of the complexed ion. This 
information is required for the determination of the complexation constant in the 
organic phase from the aqueous concentration dependence of the transferring ion 
as shown in eqn. (1). The value of Ka  obtained in the present study is 101  using 
A' cti?..-  538 mV. This value is obtained by using the transfer of tetramethylammo-
nium as an internal standard with AG,* *0 w 15.4 kJ mol. The value of Ka 
compared extremely well with the value of obtained by Campbell (14) using 
the same approach and the value of iO obtained by Samec and Papoff (10) using 
polarography. 
The fact that the current response for the transfer of complexed ion back to 
water is a steady-state wave indicates clearly that the complexed ion does not cross 
the interface as an entity which survives in the aqueous phase. If this were the 
case, the return wave should be peaked indicating linear diffusion of the com-
plexed ion within the pipette back to the interface. Because the solubility of 
DB18C6 in water is very low (less than io M (15]), it can be concluded that the 
transfer is dissociative, or, in our nomenclature, transfer by interfacial dissociation  
-0.l 
-0.6 	-05 	-04 	-0.3 	-0.2 	-01 	0 	03 	02 
c/v 
Fig. 5. Voltaminogram of K" tDBISC6 transfer and U' transfer assisted by DBI8C6 (Cell III ayotem) 
sweep rate n - SO mV/a; approximate outer pipette radian r - 1$ yaM. 
(TID). Upon dissociation the free ionophore diffuses away in a spherical fashion, 
whereas the potassium diffuses away linearly inside the pipette. To verify this 
conclusion, we studied the system where the aqueous electrolyte was lithium 
chloride instead of potassium chloride. 
Figure 5 shows the current response for the following cell: 
Ag/AgCl/10 mM LiCl//0.4 mM KTPBI + 0.8 mM DB18Ca + 10 mM 
TBATPBCl/10 mM KCl/AgCl/Ag (UI) 
Two additional features can be observed when comparing with Fig. 4. At negative 
potentials, the steady-state wave of Li' transfer from water to 1,2-DCE assisted by 
the free ionophore occurs just before the transfer of U' itself (3). A return peak is 
present in the middle of the potential window. Since the forward steady-state wave 
is the dissociative transfer of crowned potassium from 1,2-DCE to water, this peak 
corresponds to the linear diffusion of free potassium in aqueous LiCl back to the 
interface. Indeed, because of the presence of free ionophorcs in the organic phase, 
the limiting mass transfer process is the egress diffusion of K' inside the pipette. 
The peak disappears in the absence of the free ionophores when the concentration 
of dibenzo-18-crown-6 is equal to that of KTPBCI (0.4 mM), as shown in Fig. 6. In 
this case, it can also be seen that assisted U' transfer obviously also disappears. 
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even when the concentration of ionophore in the organic phase is not small 
compared with that of the transferring ion in the aqueous phase. 
CONCLUSION 
The present paper illustrates how the asymmetry of diffusion fields at a 
micro-ITIES supported at the tip of a micropipette can be used to study ion-as-
sisted transfer reactions. The ratio of the diffusion coefficient of the free ionophore 
to that of the complexed ion can be measured accurately. The results presented 
confirm that the D818C6-assisted transfer of potassium occurs by the TIC and 
TID mechanisms, 
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